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INHERITANCE IN NICOTIANA TABACUM. III. THE OCCUR- 
RENCE OF TWO NATURAL PERICLINAL CHIMERAS 


R. E. CLAUSEN and T. H. GOODSPEED 


University of California, Berkeley, California 


Received August 4, 1922 


So much interest has been aroused in bud variation that it seems 
desirable to record two instances which have been observed in our studies 
of flower-color inheritance in Nicotiana Tabacum. They have been 
mentioned before in connection with a demonstration of the existence of 
genetically distinct red-flowering varieties (cf. CLAUSEN and GOODSPEED 
1921), and a brief statement concerning them is included in the 1920-1921 
Report of the College of Agriculture and the Agricultural Experiment 
Station of the UNIVERSITY OF CALIFORNIA. Inasmuch as they occurred 
in material of known genetic constitution, the behavior which they have 
since exhibited is of unusual interest for an elucidation of the nature of 
bud variation. 


CASE NO. I 


In 1919 we had growing in the field 50 plants of 19F,H174, an F; 
hybrid of macrophyllag xX Cuba ¢ (=U. C. B. G. 22/07 9 X U.C.B.G. 
200/14 3) and 100 plants of the reciprocal cross, 19F,H175. Macrophylla 
is a red-flowering and Cuba is a white-flowering variety of Tabacum. As 
we have shown in our previous account the inheritance of flower color in 
this cross follows a two-factor scheme in which F; is pink, and F, conforms 
to the ratio, 9 pink : 3 red : 4 white. The 150 F, plants were uniform in 
every respect and all produced pink flowers. Late in the season, however, 
one plant, 19F,H174P28, otherwise pink-flowering, produced white 
flowers on one small branch of the inflorescence. It was possible to secure 
self-fertilized seed from the white flowers as well as from the normal pink 
ones of the same plant. 

In 1920 two F, populations were grown from self-fertilized seed from 
pink and white flowers with the results shown in table 1. Within the 
limits of probability these results are obviously identical. Unfortunately 
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this bud variation affected so small a portion of the plant that it was 
impossible to propagate it from cuttings, so that no further tests could be 
made of it. 


TABLE 1 





COLOR OF 
GARDEN NUMBER PINE RED WHITE 
PARENT FLOWERS 




















20.075 White 59 22 19 
20.076 Pink 54 22 23 
CASE NO. II 


In 1919 we also had growing in the field 100 plants of 19F,H190, an F; 
hybrid of purpurea 9 X Cuba ¢ (=U. C. B. G. 25/06 ¢ X U.C. B. G. 
200/14) and 100 plants of its reciprocal. Purpurea is a carmine-flower- 
ing Tabacum variety. As we have shown in our previous paper, F; of this 
cross is carmine-flowering and F; conforms to the dihybrid ratio, 9 carmine : 
3 pink : 4 white. Here again the F, plants were strikingly uniform in 
every particular except for one plant, 19F,H191P4. This plant was 
equivalent vegetatively to all other plants in the two populations, but it 
was accurately divided bilaterally into two parts (cf. plate 1), one of 
which produced normal carmine flowers, like the other F, plants; and the 
other, light pink flowers equivalent in color to the pink segregants of F». 
At the end of the season this plant was transferred to the greenhouse, 
and as fast as shoots developed and blossomed, they were cut off. Asa 
result of this treatment buds on the lower portion of the plant successively 
developed into branches and blossomed. Those on the pink side pro- 
duced pink flowers and those on the carmine side, carmine flowers. 
Evidently the plant was divided sectorially down to the base into two 
approximately equal portions. 

The genetic behavior of this variant agrees, in principle, with that of 
the white one. Owing, however, to the larger portion of the plant which 
was affected, more complete tests were made. The results are assembled 
in table 2. The first section of the table contains the results from selfing 
the carmine and pink portions of 19F,;H191P4. ‘The two populations are 
in satisfactory agreement with each other both as to classes represented 
and in distribution into classes. The second section contains results of 
back-crossing normal carmine portions of the plant to its white parent, 
Cuba (=200/14), and to the white-flowering species, N. sylvestris 
(=69/07), which should be compared with the results contained in the 
third section of parallel back-crosses of the pink-flowering portions of 
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the plant. The same classes are represented in the progenies, but curi- 
ously enough the results of back-crossing the pink portions are more 
closely in agreement with expectation, 1 carmine : 1 pink : 2 white, than 
those secured from the normal carmine-flowering portion. We have no 
suggestions to offer at present for the wide discrepancy which the latter 
results show, but they do not appear to be of importance in a consideration 
of the nature of the pink bud variant, the subject of our discussion. 


TABLE 2 


Comparative tests of the pink portions of 19F,H191P4 with normal carmine portions of the 
same plant. 























GARDEN NUMBER PARENTS CARMINE PINK WHITE TOTAL 
20.077 19F,H191P4 (carmine) selfed..... 48 13 39 100 
20.078 19F,H191P4 (pink) selfed........ 56 13 31 100 
20.060 200/14 9 X19F,H191P4(carmine) 7 16 6 28 50 
21.063 200/14 9 X19F,H191P4(carmine) 7 21 8 18 47 
21.061 69/07 9 X19F1H191P4(carmine) 7 17 15 18 50 
Totals, back-crosses of normal carmine F)...... 64 29 64 147 
20.061 200/149 X19F,H191P4 (pink) 7 .. 12 12 25 49 
21.064 200/149 X19F,H191P4 (pink) @.. 16 11 23 50 
21.062 69/079 X19F,H191P4 (pink) 7... 12 14 24 50 
Totals, back-crosses of F; pink bud variant..... 40 37 72 149 

















Since in both instances the genetic evidence indicates that the change 
involved in the production of the bud variants had not affected the 
hypodermal layer, which produces the ovules and pollen grains, it seemed 
important to determine whether or not the histological details of color 
localization and the evidence from root cuttings would be in agreement 
with the assumption that the change had occurred in the dermatogen 
only. The histological facts do support this interpretation. In sections 
of fresh material of both carmine and pink flowers obtained by the freez- 
ing method, it was easy to determine that the coloring matter is confined 
exclusively to the large, polyhedrous cells of the epidermis, and that the 
filament-like cells of the interior are entirely devoid of pigment. 

It has also been possible to propagate both portions of the plant from 
stem cuttings, and carmine and pink clones are now being maintained 
and studied further. In the summer of 1921 six plants were grown from 
pink stem cuttings and ten from carmine cuttings. The plants were 
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kept cut back throughout the season, so that they produced many lateral 
branches. Plants from the pink cuttings produced only pink flowers, 
and those from carmine cuttings produced only carmine flowers. The 
plants of the two clones appeared to be identical in every respect except 
for flower color. 

In order to determine the nature of the internal cylinder of the pink 
bud variant, root cuttings were made in the autumn of 1921 from the six 
plants mentioned above, and also from plants of the carmine clone. A 
number of the plants from these root cuttings have since blossomed. The 
plants from the pink root cuttings, of which ten have blossomed, have all 
produced caymine flowers, which is in agreement with the assumption that 
the pink bud variant consists of a central cylinder of carmine of normal 
genetic constitution inclosed in a dermatogen which is genetically pink. 
Plants from the carmine root cuttings have all produced carmine flowers, 
which in turn is in agreement with the assumption that the carmine 
portions of the plants are homogeneously of the normal genetic constitu- 
tion of F, throughout. 


DISCUSSION 


The results here presented obviously do not conclude the study, for 
they do not touch upon the nature of the mutation by which pink was 
changed to white in one case and carmine to pink in the other. In the 
first instance, the F, pink from red xX white which produced a white 
shoot, the genetic formula of F; is RrWw, according to the factor notation 
which we have previously employed, so that a white genotype may be 
established either by a point mutation from W to w or by elimination of 
the chromosome containing W. Likewise in the second case, in which a 
carmine F; of the constitution, PpWw, produced pink-flowering branches, 
the change may be due either to conversion of P into p or to elimination 
of the chromosome bearing P. Since we still possess the latter form, it 
may be possible eventually to make a direct cytological study of it; but 
in view of the large number of chromosomes in NV. Tabacum, (N = 24), and 
of the fact that only epidermal tissue is involved in the change, we have 
felt it more expedient to wait until the material is in better shape for 
such examination. 

It might at first sight seem possible to secure some evidence for a 
choice between the alternatives by a determination of the presence or 
absence of associated changes in the variant portions of the plants. 
Purpurea and Cuba, the two parent varieties of the ‘pink variant, differ 
in many characters aside from flower color, so that we might expect elimi- 
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nation of an entire chromosome to produce other alterations besides that 
in flower color. In view, however, of the demonstrated fact that the 
genetic change is confined to the dermatogen, it is not unlikely that addi- 
tional changes, even if potentially present, would have no chance to 
express themselves. 

Where it has been possible to secure definite information bearing on the 
nature of somatic segregation, there seems to be no doubt that chromo- 
some elimination is more often involved than point mutation. The 
evidence of MorGaNn and Bripces (1919) on gynandromorphs in Dro- 
sophila melanogaster and that of EMERSON (1921) on endosperm anomalies 
in maize, definitely favor such an interpretation, and Frost’s (1921) 
recent account of a bud variant in Matthiola annua, which involved a 
simultaneous change in two linked characters, appears to extend its 
application still further. Moreover, as MULLER (1920) has suggested, 
the other known cases of bud variation do not preclude, in any critical 
instance, the possibility of chromosome elimination. Reference should 
be made to EmErson’s (1922) recent discussion for a complete review of 
this phase of the problem. 

In spite of the fact that we have as yet obtained no information of the 
genetic nature of the cellular changes involved in the production of these 
particular bud variants, the studies thus far made do add to our knowledge 
of other problems of bud variation and of the manner in which such 
problems should be studied. Although Baur’s (1909) investigations on 
Pelargonium zonale have led to an understanding of the genetic differentia- 
tion which may be obtained in the vegetative cone of plants, dependent 
upon the geometrical arrangement of more or less self-continued layers 
therein, it is becoming increasingly apparent that this knowledge has not 
yet received the full measure of application due it. 

In case 2 we have observed the origin of a natural periclinal chimera 
which duplicates in behavior the double pink Bouvardia, Bridesmaid, 
which BATESON (1916) has made a special object of study. The relation 
between the pink bud-variant tobacco and the normal carmine type seems 
to be similar to that between the pinkish Bridesmaid and the red Hogarth. 
Just as Bridesmaid yields Hogarth from root cuttings, so the pink tobacco 
yields the normal carmine type. There seems to be no reason to doubt 
that Bridesmaid originated as a bud sport from Hogarth and that it has 
since continued as a natural chimera, although BATESON has made no 
statement to this effect. The failure of certain Bouvardias to come true 
- from root cuttings has long been known, and it has also been observed 
that some varieties occasionally produce branches exhibiting a flower color 
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or form different from the type. The Bouvardias in question have appar- 
ently arisen from the single Hogarth, which was obtained from a cross 
between Bouvardia leiantha, a red-flowering species, and B. longiflora, 
white. According to CRAMER (1907) this variety has produced many bud 
variants which in turn have given rise to other new forms. BATESON 
states that the Bouvardias are uncertain seeders, which may be a conse- 
quence of their origin from inter-specific hybridization. By reason of this 
fact they are inferior as objects of genetic study to the tobacco variant 
which we are still propagating. 

These investigations emphasize the care which must be exercised in 
studying the genetic nature of bud variants. Thus BLAKESLEE (1920), 
in his discussion of the nature of reverting branches occurring on dwarf 
plants of Portulaca, states that their genetic constitution can be dis- 
covered by selfing and by back-crossing to dwarfs and normals. This 
statement may be true for his particular case, but the method cannot be 
applied in all instances. The seed test obviously gives information only 
of the genetic nature of the hypodermal layer; and if, as appears probable 
in his example, the reverting branches are homogeneous in constitution, 
the manner in which they have become so constitutes a distinct problem 
upon which his investigations have as yet thrown no light. 

It is also necessary to point out the difficulties attending a determina- 
tion of the frequency of mutation based upon the occurrence of somatic 
variations, particularly in plants of unknown genetic constitution and of 
doubtful derivation. For example, our pink bud variant may be expected 
occasionally to produce carmine-flowering branches, although we have not 
as yet observed this phenomenon; but their production would depend 
merely upon rearrangement of tissue elements already present in it and 
not upon true mutation or change in genetic constitution. Similarly, 
given the establishment of a natural periclinal chimera by one original 
mutation, it is not beyond the bounds of possibility that a number of new 
types may be secured without further genetic change by simple rearrange- 
ment of its components, analogous to the different types of Solanum- 
Lycopersicum chimeras which WINKLER (1907) secured from grafts. It 
seems not unlikely that clones which give rise to recurrent bud variations 
of a particular type, or that clones known to have originated as bud vari- 
ations which occasionally produce “reverting”? branches like the parent 
stock, are frequently natural chimeras, and that these phenomena are due 
to rearrangement of their diverse components. This fact is not only of 
theoretical but also of practical importance as well. Until it is duly 
recognized, we cannot expect such complex phenomena as have been 
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described, for example, in Citrus by SHAMEL and his associates (1918, 
1920) to lead to a proper explanation of their nature or to a satisfactory 
evaluation of their commercial importance. 

Considerations such as these definitely rule out certain evidence which 
has been presented for mutation of a recessive gene back to the dominant 
condition. The classical instance of reversion of the nectarine back to 
the peach can be clearly explained, as East (1921) has suggested, on the 
assumption that nectarines subject to this phenomenon are simply peri- 
clinal chimeras consisting of a nectarine dermatogen enclosing a central 
cylinder of peach tissue. All the associated phenomena are in accord 
with this hypothesis. Similarly the case of the white-flowering Gladiolus, 
The Bride, which produced a shoot sectorially divided between white 
and red and later a complete red-flowering shoot (cf. BABcock and 
CLAUSEN 1918, page 270), may be interpreted as evidence of a chimeral 
condition in The Bride. From inquiries which we have made, The Bride 
is apparently a derivative from a red-flowered, sterile hybrid between 
Gladiolus cardinalis, red-flowering, and G. tristis, white or yellowish. The 
sterility of the hybrid would seem to preclude the possibility of the pro- 
duction of a white-flowering variety from seed, so that it is possible that 
The Bride itself originated as a white bud sport. If only the dermatogen 
was changed in its production, its subsequent reversion to red obviously 
may be due simply to rearrangement of its component elements, rather 
than to mutation from recessive white to dominant red. 

Many other interesting problems are raised as to the prevalence of 
natural chimeras among cultivated forms which are propagated vegeta- 
tively, as to the relative stability of different kinds of periclinal chimeras, 
and as to the regularity of preservation of the chimeral condition, which 
require further investigation before a satisfactory solution can be pro- 
posed. 
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For the calculation of linkage intensities, it is of distinct advantage to 
back-cross the heterozygote on the double recessive since the gametic 
ratio can then be determined directly from the zygotic types. In some 
plants, as corn, for example, back-crosses are easily and readily made, 
but in others, as soy-beans, the practical difficulties attending artificial 
hybridization are too great to admit of back-crosses in sufficiently large 
numbers. ‘The calculation of linkage intensities in this plant, therefore, 
is confined to F; distributions. 

EMERSON (1916) has developed formulae for calculating the gametic 
ratio directly from any given zygotic series representing dihybrid distri- 
butions. By means of these formulae one can calculate from the F, 
zygotic types the degree of linkage between any two factor pairs almost 
as readily and accurately as from the progeny of back-crosses. 

HALDANE (1919) has also given us formulae for calculating the per- 
centage of crossing over directly from the observed F; results. Hence, it 
cannot be considered a deterrent handicap to be confined, for linkage 
studies in soy-beans, to F, distributions, exclusively. 

However, a problem in soy-bean inheritance presented itself in the 
solution of which neither EMERson’s nor HALDANE’s formulae could be 
used. The problem was to determine, from an F; trihybrid distribution, 
the degree of linkage between two factors, one of which was a duplicate, 
but inherited independently, of the third factor involved in the cross. 
Perhaps the obvious procedure was to separate the duplicate factors in 
different lines and obtain lines segregating for the linked factors only. 
Then Emerson’s or HALDANE’s formulae could be readily applied. As 
this procedure would involve a great deal of time, the degree of linkage 
was determined, instead, from F; trihybrid distributions, by means of 


1 Papers from the Department of Genetics, Agricultural Experiment Station, UNIVERSITY 
or Wisconsin, No. 34. Published with the approval of the Director of the Station. 
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formulae specially applicable to this particular problem. The develop- 
ment and application of these formulae constitute the theme of this paper. 

The specific problem under consideration concerns the linkage relation 
between seed-coat and cotyledon colors in soy-beans. In another paper 
(WoopworTH 1921) the data on these characters and their mode of 
inheritance have been presented. Only a brief review of the findings 
therein reported will be necessary here. 


TABLE 1 
Relation of cotyledon color and seed-coat color in inheritance. F» and F; distributions of like parentage. 

















eee ACTUAL NUMBERS CORRECTED! 
Cotyledon color Seed-coat color seg soa Bi 
Yellow Green 147 150 
Yellow Yellow 63 64 
Green Green 18 14 
Green Yellow 0 0 
Total 228 228 











! These numbers are obtained by first determining the expected numbers for cotyledon color 
(214 yellow and 14 green) and then reducing to the same relative proportions in seed-coat color 
as obtained in the actual numbers. Thus, 


147 18 : 
= X214= 150; 5 x214=64; and eens. It is justifiable to use corrected numbers in 


cases where seed characters are involved, as Linpstrom (1917) has pointed out. (See also Woop- 
worTH 1921, page 511.) 


Reciprocal crosses were made between two varieties of soy-beans, one 
having yellow cotyledons and yellow seed coats, the other, green cotyle- 
dons and green seed coats. Yellow cotyledon was found to be dominant 
to green, but green seed coat was found to be dominant to yellow seed 
coat. The yellow-cotyledoned parent used in the cross was found to 
possess two factors, called J and D (duplicates), for yellow cotyledon, 
but was recessive for the green seed-coat factor, V. Factorially, the cross, 
therefore, was JJ DDvv X iiddVV. While the duplicate factors J and D 
were inherited independently, the data (tables 1 and 5) pointed to the 
possibility of a linkage relationship between one of these factors and »v. 
This relationship was arbitrarily taken to exist between D and ». 

If only the factors Vv and Dd were involved in this cross, r (see EMER- 
SON, 1916) = the cross-over gametes VD and vd, and s = the non-cross- 
over gametes Vd and vD. The F; distribution would be represented by 
the general formula, 
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a b c d 
Se* + 2(s* + 2vs) : s* + Avs : s? + Ors 2 P?. cece eee (1) 





where r : 5 : 5 :r is any gametic series, and a, b, c, and d are the pheno- 
types, DV (yellow cotyledon, green seed coat), Dv (yellow cotyledon, 
yellow seed coat), dV (green cotyledon, green seed coat), and dv (green 
cotyledon, yellow seed coat), respectively. 

When, however, J is also involved, r = the crossover gametes, DVI, 
DVi, dvI, and dvi; and s = the non-crossover gametes DvI, Dvi, dVI, and 
dVi. Combinations of these gametes in all possible ways grouped 
according to phenotypes can be represented by the general formula (see 
table 2), 


a b Cc 


12 x2 + 11 (s? + 2rs) : 37? + 4(s? + 2rs) ss? + Ors ir? oo... (2) 


le 





where a = yellow cotyledon, green seed coat; 
b = yellow cotyledon, yellow seed coat; 
¢ = green cotyledon, green seed coat; 
d = green cotyledon, yellow seed coat. 


TABLE 2 


Showing steps in the derivation of formula (2). 











PHENOTYPIC APPEARANCE OF Fs 
PHENOTYPIC ZYGOTIC SERIES IN SUMMARY OF 
FORMULA TERMS OF f AND S$ ZYGOTIC SERIES Cotyledons Seed coat 
IDV 3 [372+2(s?+2rs)] 
IdV 3[ (s?+-2rs)] 
iDV [372-+2(s?+2rs)] 
127r2+-11(s?+2rs) Yellow Green 
IDv 3[ (s?+2rs)] 
Idv 3 [r? ] 
iDv [ (s?+-2rs)] 
3r?+ 4(s?+2rs) | Yellow Yellow 
idV [ (s?+2rs)] 
(s?+2rs) | Green Green 
idv [ r? ] 
r? Green Yellow 

















The expected zygotic series for any gametic ratio can be determined 
by substituting for r and s in the above formula; and by comparing these 
with the actual numbers obtained, the expected series giving the closest 
correspondence can be chosen by inspection. Table 3 gives the expected 
zygotic proportions for a number of different gametic series. 
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TABLE 3 


F; ratio as affected by repulsion, D and V entering the F, zygote in different gametes. For crosses 
involving also factor I, a duplicate of D. 














GAMETIC RATIO a | b c d TOTAL 
1:1 45 | 15 3 1 64 
1:2 100 35 8 1 144 
ee 177 | 63 15 1 256 
1:4 276 99 24 1 400 
1:5 397 143 35 1 576 
1:6 540 | 195 48 1 784 
1:7 705 | 255 63 1 1024 
ee 892 323 80 1 1296 
1:9 1101 399 99 1 1600 
ris 127?+-11(s?+-2rs) 3r?+4(s?+-2rs) s°+2rs r? 16(r+s)? 











Thus, assume that the zygotic series corresponding to a gametic series 
of 1:7 (r = 1, s = 7) is closest to the actual data (table 1), the corrected 
figures for which are 150, 64,14 and0. The expected zygotic proportions 
on this gametic series would be, for this total, 157, 57, 14, 0. 

Assuming further that these zygotic proportions give the closest 
correspondence to the actual data obtained, the percentage of crossing 
over can be calculated by the formula, 

r 
7 s 
Substituting for 7 and s in formula (3), we have 


x 100 = percent crossing over, repulsion phase......... (3) 


a9 x 100 = 12.5 percent crossing over. 
7 

For completeness, a table is given showing the expected zygotic propor- 
tions for a number of gametic series, coupling phase (table 4). 


TABLE 4 


F, ratio as affected by coupling, D and V entering the F\ zygote in same gamete. For crosses 
involving also factor I, a duplicate of D. 























GAMETIC RATIO a b c d TOTAL 
1:1 45 15 3 1 64 
2:1 103 a 5 4 144 
asa 185 55 7 9 256 
433 291 84 9 16 400 
S:1 421 119 11 25 576 
6:1 575 160 13 36 784 
7:1 753 207 15 49 1024 
8:1 955 260 17 64 1296 
9:1 1181 319 19 81 1600 
733 12r?+11(s?+2rs) 3r°+4(s?+2rs) s?+2rs r? 16(7+ s)? 
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In like manner, when the gametic series giving the closest correspond- 
ence to the actual data has been determined, the percentage of crossing 
over can be calculated by the formula, 





> x 100 = percent crossing over, coupling phase............ (4) 
r s 


It is of distinct advantage, as EMERSON (1916) has pointed out, to be 
able to determine the gametic ratio directly from the observed zygotic 
series. This can be done if the values of r and s are expressed in terms 
of the zygotic types. From formula (2), 


1677 = a+6+4+d — 15¢ 
«.. @+6+ 4 — ie 
16 








and p= 2Vae+b +d —15............ (5) 
Also from the same formula, 
16 (s? + 2rs) 


a+b+ce — 159’ 
a+b+c — 159? 








s? + 2rs = 
16 
2 
s? tars pea STO tETt 
1 





str= .3Va+b+cec+d 





and s=.2Va+b+c+d—r......(6) 


In applying these formulae, the observed zygotic series must approach 
the form of the general formula (2); that is, type @ must approximately 
equal 1ic + 12d, and type 6 must equal 4c + 3d, or about one-third of 
type a. If, for example, 15c is less than (2 + 6 + d) (see formula 5), 
then the quantity under the radical sign is positive and has a real root, 
and the value of r, consequently, can be determined; but if the quantity 
under the radical sign is negative, it has no real root, and the value of r 
cannot be determined. The latter condition obtains in applying the 
formula to the actual numbers given in table 1. The sum of types a, b, 
and d = 210, but 15¢ = 270; hence, the quantity under the radical 
sign is negative and has no real root. This result might have been 
anticipated by an inspection of the data; for obviously, they do not con- 
form to the conditions imposed by the general formula(2). 

If, however, formula (5) be applied to the corrected figures in table 1, 
the value .5 is obtained for r, and 3.275 for s; in other words, in approxi- 
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mately every 8 gametes formed, one is a crossover. Applying formula 
(3), the percentage of crossing over is found to be 13.25. 

In table 5 are given the actual data obtained in the above-mentioned 
cross for cotyledon color in F; and seed-coat color in F;. These progenies 
are from F, yellow-cotyledon seeds, and are, consequently, in the propor- 
tion 7:4:4 with respect to cotyledon color in F;, but each of these different 
types of F; yellows should, on the basis of independence, show segregation 
in coat color in the ratio of 3 green to 1 yellow. That this result was far 
from realized is evident from an inspection of table 5. 


TABLE 5 


Relation of cotyledon color and seed-coat color in inheritance. F generation in cotyledon color, progeny 
of F: yellow-cotyledoned seeds. Fs: in seed-coat color. 

















TYPE OF F: YELLOW- ACTUAL NUMBERS 
SEED-COAT COLOR 

COTYLEDON SEEDS OBTAINED 
Bred true for Green 57 
yellow Yellow 55 
Segregated Green 45 
15:1 Yellow 3 
Segregated Green 45 
3:1 Yellow 5 
Total 210 











Different formulae are, of course, required to determine the amount of 
crossing over from the data given in table 5. The same gametic series, 
ry :$:5:9r may be used as before, where 


r = gametes, DVI, DVi, dol, or dvi; 
and s = gametes, DvJ, Dvi, dVI, or dVi. 

The combinations of these gametes in all possible ways grouped accord- 
ing to the types of F, yellow- and green-cotyledon seeds as indicated by 
the F; generation, combined with green or yellow seed coats, can then 
be represented by the general formula (see table 6), 








a b c d 
6r? + 3(4rs + 5?) : r? + 2 (rs + 2s?) : 47% + 2 (2rs + 257) : 4rs 
e 7 g h 
af + 2 (Ses + 28%) : B® + 2s ss West Bs PR... cee cicee (7) 
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| @t+548) (8%-+847) Gs+544) 
34 2S+S47 $47 +247 T+247 Say 7+:4F (S7+S4)7+21 €+:49 AYeUIUING 
24 24 aa pp # 
247 242 aa pp 417 
24 24 aa pp II 
S47 SAZ a4 pp 
SH S4p aA PP 117 
S47 S47 “4 PPII 
S47 S4Z apd % 
S4p Sd aa Pd 17 
S4Z S47 a pd II 
2s 2 aqd # 
287 Fay 4 “add tz 
2S 2s a dd II 
2s 2s AA PP % 
257 SZ AA PP 117 
2s 2s AA PP II 
7+247 S7+247 “A Pau 
sht+c4h sh+24h 2A Pd 47 
87+247 7+247 “4 PdII 
S4Z S47 “4A ad # 
S4p Sp “A dd tz 
$47 S47 “A ad Il 
$47 S4Z AA Pa # 
S4p Sah AA Pd 417 
S47 S47 AA PaII 
24 24 AA dd # 
247 247 AA dd tz 
24 24 AA dd II 
Lvoo 1voo LV0O azas LVOO agas LVOO aaas LVOO aaas LVOO aaas 1voo aaas A aNv ‘g‘] 
aaaS MOTTA aaas Naauo =| MOTTA ‘NOGT1| NZauO ‘NOGaT | MOTTAA ‘NOaa1| Naaud ‘NOagT | MOTTAA ‘saaas| NaH ‘sazas $s aNV suotova 
‘sagas Noaat | ‘saaas Noaa1 | -AL00 NaazuD | | -ALOO NEBWO | | -ALOO NEZUD | | -ALOO NaNO NOGZIALOO NOGHIALOO 4 40 SRUAL avinneos 
-ALOO NEGO TIV |-ALOO NATHOTIY] OL MOTTAAG | OL MOTIAAG | OL MOTTHA GS] || OL MOTIAA c]| MOTTA TIV | MOTTSA TIV | NI SAdALONEO 31aRLONZO 
Y AdAL 3 adAL f FdAL 9 GdAL p AdAL 2 adAL q AdAL D adAL 
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9 TTaV 








where a 
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number of plants with all yellow-cotyledon seeds, green seed 
coat; 

number of plants with all yellow-cotyledon seeds, yellow seed 
coat; 

number of plants with 15 yellow:1 green-cotyledon seeds, 
green seed coat; 

number of plants with 15 yellow:1 green-cotyledon seeds, 
yellow seed coat; 

number of plants with 3 yellow: 1 green-cotyledon seeds, green 
seed coat; 

number of plants with 3 yellow:1 green-cotyledon seeds, 
yellow seed coat; 

number of plants with all green-cotyledon seeds, green seed 
coat; 

number of plants with all green-cotyledon seeds, yellow seed 
coat. 


As above, the expected zygotic series for any gametic ratio can be de- 
termined by substituting for 7 and s in the above formula; and by compar- 
ing these with the actual numbers obtained the expected series giving the 
closest correspondence can be chosen by inspection, and the approximate 
percentage of crossing over determined from the corresponding gametic 


ratio. 


Table 7 gives the expected zygotic proportions for a number of 


different gametic series, repulsion phase, and table 8, coupling phase. 


TABLE 7 


F; ratio in cotyledon color and F; ratio in seed-coat color as affected by repulsion. For crosses involving 


duplicate factors for cotyledon color. 








TOTAL 
RATIO a b ¢ d e f £ 4 TOTAL MINUS 

(¢+A) 
ae 21 7 12 4 12 4 3 1 64 60 
Ee 42 21 | 28 8 30 6 8 1 144 135 
Rez 69 43 52 12 56 8 15 1 256 240 
1:4 102 73 84 16 90 10 24 1 400 375 
Res 141 111 124 20 132 12 35 1 576 540 
1:6 186 157 172 24 182 14 48 1 784 735 
1:7 237 211 228 28 240 16 63 1 1024 960 
1:8 294 273 292 32 306 18 80 1 1296 1215 
1:9 357 343 364 36 380 20 99 1 1600 1500 
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TABLE 8 


F; ratio in cotyledon color and F, ratio in seed-coat color as affected by coupling. For crosses involo- 
ing duplicate factors for cotyledon color. 








TOTAL 

RATIO a b c d e f g h TOTAL MINUS 
(g+h) 

223 21 7 12 4 12 4 a 1 o4+ 60 
p ee 51 12 28 8 24 12 5 4 144 135 
ce 93 19 52 12 40 24 7 9 256 240 
4:1 147 28 84 16 60 40 9 16 400 375 
Ee 213 39 124 20 84 60 11 25 576 540 
6:1 291 52 172 24 112 84 13 36 784 735 
i | 381 67 228 28 144 112 15 49 1024 960 
8:1 483 84 292 32 180 144 17 64 1296 1215 
e<3 597 103 364 36 220 180 19 81 1600 1500 



































The goodness of fit as indicated by the value of P (HARRIS 1912) was 
determined for the actual data (table 5) when compared with a number 
of the expected zygotic series in table 7. The value of P for the zygotic 
series corresponding to a gametic ratio of 1:6 was .278055; for a ratio 
of 1:7, .31107. As the gametic ratio was increased or decreased, the value 
of P was reduced, though not proportionately. Hence, it was apparent 
that the percentage of crossing over lay somewhere between 14.29 (gametic 
ratio 1:6) and 12.5 (gametic ratio 1:7). For the gametic ratio 2:13 the 
value of P was found to be .368287, a better fit. The percentage of 
crossing over for this gametic ratio was found to be (from formula (3)) 
13.33, which is quite close to that calculated on the basis of the corrected 
figuresintable1. Itis very probable, therefore, that one crossover gamete 
to seven non-crossover gametes is not far from the correct ratio for these 
data. 

However, as in the preceding case, it is of distinct advantage to be able 
to determine the gametic ratio directly from the observed zygotic series. 
To do this it is only necessary to express the values of r and s in terms of 
the zygotic types. From formula (7), 


16r?=a+b+c+d+et+ft+h — 15g 


puttbtctdtetf+h — 15g 
16 








and r= .25Va+b+c+d+te+f+h — 15g.......... (8) 
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Also, from the same formula, 
16 (s?+2rs) =a+b+c+dt+etftg — 157 
a+b+c+d+et+f+g—15r 














s+ 2rs= 
16 
et msg at totetdtetftetr 
16 
s+r= 25Vat+b+ct+d+tet+f+g+h 
and s= .258Vat+b+ct+dt+et+ft+gth—r..... (9) 


In applying these formulae the same limitations hold as for the use of 
formulae (2), (5), and (6). Thus, in formula (8), 15g cannot be greater 
than (a+b+c+d+e+/+h); for if greater, the quantity under the radical 
becomes negative. In reality, formula (7) is formula (2) broken up into 
parts, and consequently the limitations of one apply with equal force to 
the other. Types g and / in formula (7) are the same as types ¢ and d. 
respectively, in formula (2), and the sum of types a to f, inclusive, the same 
as types a plus b. Furthermore, in cases where the Fy: recessives (in 
cotyledon color) are not tested, formulae (8) and (9) could not be applied, 
and one would have to resort (as was done above in the particular problem 
under consideration) to the table of expected zygotic proportions for 
assumed gametic series. 
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INTRODUCTION 


In 1914 a study of heredity in Raphanus was started, employing both 
ordinary cultivated varieties of radish and wild forms often showing 
characters of R. Raphanistrum. The inheritance of color characters has 
been mainly considered, but certain results bearing on the problem of 
“thybrid vigor,”’ obtained somewhat incidentally, seem to deserve special 
presentation. 

The present paper therefore gives (1) numerical data and general 
observations relating to the relative vigor of selfed lines and crosses; 
(2) observations on self-sterility and natural crossing; and (3) evidence 
indicating the presence of biologically unfavorable recessive genes in the 
material. Evidence bearing on the behavior of several identified genes, 
two of them showing linkage, is given largely because of its intrinsic 
genetic interest, but it is included in this paper because of its bearing on 
heterosis. In several respects, especially with relation to the nature and 
handling of the plant material, the present paper is introductory to one 
which is to follow, on color inheritance in Raphanus. 

No attempt will be made to discuss here the general literature of 
heterosis. The reader is referred to the discussions and bibliographies 


1 Paper No. 76, University or CatirorniA, Graduate School of Tropical Agriculture and 
Citrus Experiment Station, Riverside, California. 
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of JonEs (1918) and East and Jones (1919). The hypothesis favored by 
these writers, that hybrid vigor depends essentially upon the prevailingly 
dominant nature of the genes comparatively favorable to vigor, is here 
accepted as the most probable general explanation. It is realized, how- 
ever, that no strictly decisive evidence seems to have been obtained from 
any organism. The hypothesis stated by G. H. SHutt (1914, p. 126), 
that the general occurrence of heterosis is due to a specific stimulating 
effect of dissimilarity between allelomorphic genes, cannot be said to have 
been disproved. It is plain, however, that in one organism at least 
(Drosophila) a marked reduction of average vigor with inbreeding is often 
demonstrably due to particular identified recessive genes. The general 
question seems to‘require evidence from many types of organism, together 
with the closest possible analysis in such favorable forms as Drosophila 
and maize. 


MATERIAL AND METHODS 


Certain plants found growing wild by a roadside near Riverside, 
California, were plainly the result of promiscuous crossing between 
Raphanus sativus L. and R. Raphanistrum L. The plants of series 3 and 
24 of tables 1 and 2 were selected and arranged according to flower color, 
the corolla being yellow, white or purple (none red). Yellow is a Raphan- 
istrum color, while according to Mlle. TRovARD RIOLLE (1914) white and 
purple occur in both species. The plants of series 4 were selected on the 
basis of capsule characters, in which they ranged practically from one 
species to the other. In size of plant, size and form of leaves and petals, 
pubescence, and other characters, these plants were highly variable; all, 
however, had slender, woody roots. . 

A few ‘“‘wild” parents were also secured in other localities. Series 2 
came from a vacant lot at Whittier, California, where no Raphanistrum 
characters were observed; the capsules were woody, however, and the 
roots slender and woody. Series 19 included six plants transplanted 
from a field at Corona, California, one having yellow flowers; five of these 
plants had produced (in winter) roots of considerable size, 19a (the largest) 
weighing, as trimmed for transplanting, 1614 grams. 

The remaining series (5 to 18) are ordinary cultivated varieties, the 
seed packets of those here discussed bearing names as follows: 


? The individuals used as parents were designated by letters, according to a method previously 
described (Frost 1917). Italics (letter or figures) in a parental pedigree indicate the use of seed 
from unguarded flowers; a parenthesis as used in “20a(a)” indicates cross-pollination without 
emasculation. 
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Series Long Black Spanish. 

Series Early Long Scarlet. 

Series 9. Early Scarlet Turnip. 

Series 11. French Breakfast (short, white-tipped). 

Series 13. Epicure (a “turnip” radish, white-tipped). 

Series 14. Long White Vienna, or Lady Finger. 

Series 17. White China (roots about “half-long,”’ late; leaves large and 

of peculiar form). 

Some of these varieties showed marked deviations from the root form 
typical of the variety, and red varieties sometimes produced some purple 
or white roots, etc. 

In 1915, 96 lots of plants were grown, of which 81 were progeny of open- 
pollinated wild parents. These lots were in general excessively variable 
in many characters, suggesting very frequent cross-pollination of their 
ancestors. In a large majority of cases, both in 1915 and with the next 
generation in 1916, attempts at selfing were completely or almost com- 
pletely unsuccessful. Some plants set seed in bags, however, and the 
progeny characters have indicated that very few cases of vicinism occurred. 
Muslin bags were mainly used to enclose the flowers in 1915 and 1916, 
while in 1917 paper bags, with cotton batting about the stems to exclude 
thrips, were employed. 

KNnutTH (1908) states that with R. Raphanistrum self-pollination is 
“ineffective,” but that with R. sativus it “results in norma] fruits being 
set, though only about half of the ovules become seeds.”’ This material, 
however, indicated that self-sterility occurred in the cultivated varieties 
used, but was less common or complete here than with the species hybrids. 
It was not practicable to secure very definite information as to the amount 
of self-sterility, because of several difficulties: (1) both bagging and de- 
antherizing probably had an adverse effect on the setting of seed; (2) 
the setting with open pollination was often very erratic;* (3) the capsules 
are few-seeded; and (4) it was not practicable to compare large numbers 
of selfed and crossed flowers on the same plants. Strout (1920) has 
found three cultivated varieties of radish markedly self-sterile, and 
TRacy (1917), in discussing home production of garden seeds, says that 
at least two plants are necessary for satisfactory results with the radish. 

My failure to secure seed was plainly not due to lack of pollination, as 
pollen was observed on the stigmas of some bagged flowers examined, 
and hand pollination of bagged flowers on a few plants gave no better 


nm 


3 “Physiological” fluctuations in fertility, similar to those found by Stout (1922) in two species 
of Brassica, seemed to be common and important. 
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results. In very many cases no capsules resulted from bagged flowers 
which opened during a period when unguarded flowers on the same 
plants were producing good capsules in abundance. In a few cases a 
whole plant was covered with a tent of muslin or similar material, but 
very few capsules were produced.‘ On one plant (37-8) two small cages of 
wire gauze were used to enclose several racemes. Numerous flowers 
opened, but only two capsules, both one-seeded, were set in each cage. 
Progeny characteristics (see the discussion of 3r-8-2 on page 126) indicated 
that these 4 seeds were the result of self-fertilization. In one of these 
cages, where about 33 flowers had previously opened, five flowers were 
cross-pollinated without emasculation, and all set fruit, giving 10 seeds, 
from which 6 plants, all hybrids, were grown. 

Some marked deviations from varietal type have been noted. BARKER 
and COHEN (1918) report evidence of considerable apparently genetic 
variation in three varieties of radish, and their conclusion is supported by 
my observations on the present and other materials. In several cases, 
plants of cultivated varieties in lines selfed for one or two generations 
proved to be still heterozygous for color factors. JONES (1918) reports 
the occurrence of some cross-pollination of white-rooted by red-rooted 
radishes when grown in adjacent rows; presumably there was a greater 
amount of interpollination between plants in the same row. Altogether it 
is plain that cross-fertilization is very common among cultivated radishes. 

On MULLER’s (1918) and Jongs’s (1918) principle of the accumulation 
of ‘‘unfavorable”’ recessive genes with continued crossing, it might be 
expected that these races would show marked heterosis when intercrossed. 

It was hoped in 1915 that satisfactory production of selfed seed could 
be secured from selected self-fertile lines, but seed production was at 
most little better in the next generation. It was decided, however, to 
make a preliminary study of inheritance, mainly of color characters. 
Cross-pollinations were accordingly made on deantherized flowers, using 
plants that had already set seed with selfing. Crosses were secured from 
various combinations, though many flowers failed and the number of 
seeds was sometimes very small. F, and F; cultures have been grown, but 
the difficulties mentioned have prevented the securing of needed F; 
evidence. 

The F, hybrids were grown in 1917, together with progeny of the selfed 
parents. Where enough seeds were available, 15 seeds were sown for 
each cross; tables 1 and 2 give, for the main cultures (“first planting”’), the 


4 Mlle. Trovarp RIo.ieE (1914) used tall roofed tents of “‘percale fine,” and secured an ade- 
quate amount of seed which gave no evidence of vicinism. 
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numbers of seeds sown and of plants resulting. The seeds were planted 
individually in small paper pots at a uniform depth, in soil mixed in a 
single lot; the sowing was done on January 26.and the transplanting to the 
field on February 27 and 28. The plants were set 152X152 cm in the 
field, and the later cultural treatment was essentially uniform. The order 
of the lots in the field is shown by the lot numbers in tables 1 and 2;5 
the crossed and selfed lines were, therefore, in adjacent blocks, each of 
which consisted of a few long rows. 

Root diameter was measured in millimeters, directly across the line of 
the row and at the level of greatest diameter, with plain sliding calipers 
and a ruler, on May 24 to 29, when most of the plants were in bloom and 
most of the roots were probably not very far from their maximum size. 
Stem diameter was measured similarly, at the same time, just below the 
first live leaf or (if lower) just below the lowest branch. Leaf length was 
determined on May 11 and 12 by measuring in centimeters the distance 
from the main stem to the apex of its longest leaf, the leaf being lightly 
straightened out along a “meter stick.” 

The time of flowering was determined by weekly observations, the 
criterion of flowering being the protrusion of the corolla of the earliest 
flower beyond the calyx. The plants developed so rapidly that a two-day 
period would doubtless have been preferable. 

A “second planting” was sown on March 21 and 22 and transplanted 
on April 17 to 19. This included the lots reported in table 10 and some 
other small lots not here reported, set in an area adjoining the first plant- 
ing. Of the “vigor characters,” only time of flowering was individually 
recorded for this planting. 

In 1920 about 1000 F, hybrids were grown, with a few F, hybrid and 
“selfed” lots. The seed was sown late (on May 13 and 14), and most 
plants with the cultivated-variety type of root, whether from pure ‘“‘culti- 
vated” ancestry or extracted from “wild” crosses, were very late in 
blooming. Development was delayed with many plants by sunburning 
of the hypocotyls of the young seedlings (which were held longer in the 
coldframe to recover), and with some by injury by rabbits. On the 
whole, the conditions were plainly less favorable and less uniform than in 
1917. Root and stem measurements were made on the plants of some 
lots in late November, 1920, by the same methods as in 1917; typical 
plants of several of these lots are shown in the figures below. 


5 The missing lot numbers of table 1 indicate lines not concerned in the crosses here con- 
sidered. 
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In the calculation of the mean and the coefficient of variability, and of 
their probable errors, the individual values were regularly used as re- 
corded, without being thrown into wider classes. The recorded values 
and their squares were therefore summed directly from the field-record 
sheets. 


EXPERIMENTAL DATA AND DISCUSSION 
The modifiability of certain characters 


In all consideration of the data on root thickening and earliness of 
flowering here presented, the marked modifiability of these characteristics 
should be kept in mind. GARNER and ALLARD (1921) have shown that 
the cultivated radish is a “long-day” plant, with which “flowering may be 
prevented for a more or less indefinite period by shortening the daily 
period of illumination.” Such delayed flowering is accompanied by a 
correspondingly protracted and extensive development of the thickened 
root. 

In my cultures of 1917, sown in January, the cultivated varieties 
averaged (table 3; table 8, “C x W’”’) only about three weeks later in 
flowering than the slender-rooted wild types. In the cultures of 1920, 
sown in May, on the other hand, the slender-rooted plants nearly all 
began to flower in July or early in August, while the fleshy-rooted ones 
ranged from August, 1920, to April, 1921; plainly this delay was due both 
to the short days of fall and winter and to cold weather that slowed down 
all growth processes. In this case, as compared with the cultures of 
1917, the differences between genetically early and genetically late forms 
were greatly exaggerated by the march of the seasons. 

That the 1920 cultures did not imitate the surprizingly early summer 
flowering of GARNER and ALLARD’s (1921, p. 387) May-sown Scarlet 
Globe radishes, was doubtless due in part to poorer soil conditions for 
early growth, and in part to an inhibiting effect of super-optimal tempera- 
tures, similar to that which I have found (Frost 1911) with Matthiola, 
which tended to delay flowering until the period of long days was past. 
That the high summer day temperatures at Riverside have an inhibiting 
effect on radish flowering, is indicated by the frequent occurrence of 
virescence of inflorescences during the summer. In several summers, 
part or all the flower clusters on many plants have been gradually trans- 
formed, until the floral parts became rosettes of green, leaf-like ‘‘foliodes,”’ 
sterile but plainly healthy. Some such virescent inflorescences slowly 
became normal again as the weather became cooler in the fall. 
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Low rather than high temperature seems to favor root thickening in 
the young edible radish. It appears, however, that either short days or 
high summer temperatures may be unfavorable to that marked accumula- 
tion or concentration of products of photosynthesis which seems to be a 
general prerequisite of flowering (KLEBs 1909; Kraus 1920). Evidently 
super-optimal temperature may delay flowering in the radish,° and may 
therefore prolong the duration and increase the amount of root thickening. 

It is plain, therefore, that a given genetic or environmental difference 
may have had greatly different effects on root thickening and time of 
flowering at different times, and that small differences in growth conditions 
at critical times may have had excessive effects on these characters. 

These considerations indicate the need of special caution in considering 
data on flowering and root size. The general consistency of the main 1917 
results, however, with the substantial uniformity of cultural treatment, 
seem to justify considerable confidence. In the 1920 cultures, with their 
less favorable and less uniform conditions, there is more uncertainty. This 
statement applies especially to the data in tables 11, 14 and 15, since 
some of these lots of plants included many individuals whose trans- 
planting and growth were delayed by sunburning (page 120), and which 
therefore may have experienced markedly different growth conditions 
from their uninjured sibs. There seems to have been some tendency 
toward later flowering, and perhaps also toward greater root thickening, 
among the later-set plants. Such a result might be due to a (not improb- 
able) greater susceptibility to sunburning on the part of the genetically 
thick-rooted plants, or it might be due to a greater tendency to delayed 
flowering, due to the difference in growth conditions, occurring among 
the late-set plants in general. 

In the lots reported in tables 12 and 13, however, only 9 of the 131 
plants listed were set late, and the usually marked contrast between the 
plants of the “early” and “late” categories, in branching as well as in 
the tabulated data, gives considerable confidence in the substantial 
accuracy of the classification. 

The plant 19a (see page 117, footnote 7, and series 43 and 55, “‘line 
2,” in tables 4 to 8), although itself capable of producing a large prongy 
root in winter, seems to have been only heterozygous for any decided 
tendency to thickening, and probably did not produce any selfed-line 
descendants with typically fleshy, edible roots. 


° This effect may result from a disproportionately great increase of respiration and of root 
absorption, as compared with photosynthesis, with high temperature. 
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The cultures of 1917 


Although the progeny lots varied greatly in size (tables 1 and 2), the 
general summary presented in table 3 shows well the main features to be 
compared in the cultures of 1917. The wild types had slender, woody 
roots, while their stems averaged nearly as large as those of the commer- 
cial varieties;’ the former were usually also considerably earlier in bloom- 
ing, although one parent (3-146) carried a gene or genes for lateness 
independent of root thickening. The F, hybrids greatly exceeded the 
selfed lines in size of root, stem and leaf, and were decidedly earlier in 
flowering. 


TABLE 1 


Cultures of 1917. Pedigrees of the P, plants, with numbers of seeds from selfing sown and of plants 























resulting. 
| PROGENY 
Lot PARENTAL PEDIGREE| SEEDS SOWN | Characters determined 
Transplanted In general For flowering only 
1 2b-3-8 | 20 16 16 16 
2 3p-14-6 20 20 17 19 
3 3q-4-17 9 9 9 9 
5 3u-6-21 8 7 7 7 
7 4k-8-4 20 18 18 16 
8 4k-10-12 20 14 13 13 
9 5a-6 4 3 3 3 
10 5a-11 20 20 20 20 
12 9a-9 20 7 7 7 
13 9a-10 15 1 1 1 
14 11a-13 15 12 12 11 
15 11a-20 8 | 5 4 3 
16 13a-32 20 18 18 18 
17 14a-6 7 | 6 5 4 
19 17a-16 15 15 13 13 
20 19a-10 2 | 5 4 4 
21 19a-18 6 | 3 3 3 
All 247 | 179 1708 167% 
All Ce ‘ 124 | 87 83 80 
All WwW 123 92 878 87 




















* For leaf length, two more. These plants finally flowered, but were evidently considered 
too small for measurement of roots. 

b Five plants whose leaf length was recorded died without flowering. 

© Cultivated varieties are indicated by “‘C” and wild forms by “W.” 


7 The progeny of 19a-18 (table 6, series 43, “line 2”) showed some root thickening, like 19a-18 
itself, but the 19a lines have been included with the other “wild” lots in averaging. 
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TABLE 2 


Cultures of 1917. Pedigrees of the crosses, with numbers of seeds sown and plants resulting. 
































PEDIGREE NUMBERS PROGENY 
LOT TYPE OF SEEDS 
Cross Parents CROSS SOWN Transplanted} Determined 

22 4laa 4k-10-12 X11a-13 Wwxc 8 6 | 6 

42aa 14a-6X9a-9 cxc 15 i | 15 
24 43aa 3u-6-21 X19a-18 wxw 20 11 10 
25 44aa 4k-10-12 X24w-14-2 wxw 8 8 | 8 
26 45aa 17a-16 X3q-4-17 CxWw 15 a 11 
27 46aa 11a-13 X4k-10-12 CxW 3 3 | 3 
28 47aa 13a-32 X4k-10-12 CxW —_ 8 | 8 
29 48aa 9a-9X 144-6 Ccxc 15 15 | 14 
30 49aa 9a-10X5a-11 cxc 15 12 | 12 
31 50aa 9a-9 X5a-6 CxC 15 uo | 15 
32 5ilaa 2b-3-8 X 11a-20 Wwxc 14 14 | 13 
33 52aa 19a-10X5a-11 Wwxc 15 —_— 15 
34 53aa 3p-14-6 X3u-6-21 wxw 15 15 15 
35 S4aa 4k-8-45a-11 Wwxc 13 10 10 
36 55aa 3p-14-6X19a-19 wxw 5 5 5 
All 184 | 163 | 160 
All CxC> 60 | 7 | SS 
Al WxW 48 | 39 | 30(38)° 
All CXW and WXC 76 «| «67 «| (6 








® The same for all characters. 

> See table 1, note c. 

¢ Except in table 3, the eight plants of series 44, one of whose parents was not represented by 
selfed progeny, are omitted in obtaining group means. 


The appearance of the plants corresponded well with the indications of 
the data in table 3. The selfed lines were in general far inferior in size 
and vigor to the F; hybrids. The attempt to secure seed from guarded 


TABLE 3 


Cultures of 1917. General progeny means for the selfed lines and crosses listed in tables I and 2. 




















ROOT | STEM ROOT-STEM LEAF WEEKS TO 
DIAMETER DIAMETER RATIO LENGTH FLOWERING 
Cultivated ae 
varieties (C) % 13+. ps |} 3.05+.10 2.325+ .086 25.98+ .70 16.97 + .13 
Wild races (W) 59+ . > | 2.70+ .09 .958+ .012 31.57+.81 14.21+.16 
All selfed 4.32+. 2.87 + .07 1.625+ .055 28.87+ .56 15.53+.13 
All crossed* 7.95+. -* 4.85+ .09 1.801+ .059 44.69+ .57 14.49+ .10 





®* The hybrid groupings corresponding to the first two lines of this table are given in the 
“Cross” column of tables 4 to 8. The numbers of progeny in all these groupings are given in the 
last three lines of tables 1 and 2. 
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flowers failed almost entirely with the selfed lines in 1917, while it suc- 
ceeded to some extent with a considerable number of the hybrids, pre- 
sumably because of their greater vigor. This hybrid vigor was evident 
from the time of germination, as tables 1 and 2 suggest; germination was 
much more complete in the hybrid lots, and growth of the young seedlings 
was noticeably better there. This agrees with East and JoneEs’s (1919, 
p. 156) results with maize seedlings. It may also be worth noting that 
(table 1) 12 transplanted plants of the selfed lines died without flowering, 
while the corresponding loss with the hybrids was only 3 plants. 

Some difference in viability and vigor may have depended upon the 
fact that most of the “‘selfed’’ seed was set from several weeks to several 
months earlier than the corresponding “crossed” seed, and therefore 
developed during hotter weather than the latter. Yet, although the 
crossed seed probably had more favorable weather, the parent plants were 
then older and in general less vigorous. The only hybrid lot (No. 24) 
to give notably poor germination came from seed which was seriously 
immature because of the death of the parent plant by freezing. 

In 1917, after two generations of selfing, the inbred lines varied greatly 
in vigor and uniformity. Lot 1 was relatively vigorous, and notably 
distinct and uniform in appearance. Lot 2 was excessively variable in 
size and earliness (see figure 9 and the accompanying discussion). The 
plants of lot 3 were extremely small and slender-stemmed, while the 
somewhat larger ones of lot 7 were seriously affected by a leaf-spot 
disease. 

The 17a line, in the cultures of 1916, 1917 and 1920, has shown a marked 
tendency to a peculiar form of partial sterility. In extreme cases the 
shoots fail entirely, for long periods or even throughout the life of the 
plant, to produce flower buds; each shoot ends blindly, then branches, 
and repeats this process. Occasional racemes, usually short, may develop, 
and frequently one to several abortive buds are seen apparently on the 
end of a stem, the raceme axis being entirely undeveloped. This condition 
has not been observed in any of the F, hybrids of series 17, and probably 
depends upon a recessive gene; it suggests certain partially sterile types 
which occur in selfed lines of maize (JoNEs 1918). Very extensive abor- 
tion of flower buds has occurred in certain individuals of various lines, 
and this probably often represents a definite genetic tendency. 

Several other markedly “abnormal” characters have been observed in 
the cultures. Some of these cases, as is shown by their pedigree numbers 
below (see p. 2, footnote), occurred in the first generation from open- 
pollinated parents. The following were especially noted: 
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3e-14. Calyx regularly split on one side, three or all of the petals 
commonly remaining crumpled together partly within the calyx. 

30-1. Leaves practically entire. 

3r-3. Many of the earlier flowers had petals more or less split, so as to 
form apparent supernumerary petals. 

17, 10 (in 1915). Branches markedly sinuous; petals often split. 

24p. Some progeny remarkably small-flowered. 

1d-5 and 1d-10. 5 albino progeny (total plants, 24). 

3q-4. 6 albino progeny (total plants, 23). 

4h-13-3. Capsules peculiarly flattened, and bent in the plane of 
flattening; a peculiar adventitious structure, resembling a small capsule, 
within; seeds abnormally arranged, apparently in several rows. Progeny 
from open-pollination had the capsules apparently entirely normal. 

4h-13-13. Similar to plant 3 but less abnormal. 

A few selfed progeny of 4h-13—9, which itself had apparently normal 
capsules, were grown in 1917; among twelve plants examined, one had 
some typically abnormal capsules, while the other progeny appeared 
normal or nearly so. 

3r-8-2. On this plant the pedicels, normally ascending, usually 
became conspicuously reflexed before anthesis, and remained so. The 
capsules usually became bent upward at and distally from the point of 
attachment to the pedicel. Among 14 plants from capsules gathered 
from the ground beneath this plant, 3 had the pedicels about perpendicu- 
lar to the axis of the raceme in fruit, while the other 11 had the normal 
ascending type of pedicel. Since 3r-8—2 and its three sibs (page 119) were 
all small to extremely small, while its progeny were very large and vig- 
orous, it is evident that no selfed progeny were secured. See also the F; 
hybrids of series 20 (1917, second planting, below). 

One volunteer plant of 1916 had many divided or extra petals, so that 
some of the earlier flowers were somewhat conspicuously “double.” 
Selfing failed, as usual; among 11 plants from open-pollination, one had 
nearly all flowers abnormal, while two others had 3 abnormal flowers out 
of 19 and 1 out of 30, respectively. 

Probably a recessive ‘“‘principal’”’ gene was involved in each of the last 
three cases, as it plainly was in the case of the two lines producing albinos. 

A few apparent vicinists occurred in 1917. One plant in lot 2 appeared 
from its leaf form to be the result of a cross with the 3q-4 line. Series 53 
was a flower-color cross, and as one yellow® appeared among 7 progeny 


* Yellow is a plastid color. It is recessive, as both Mlle. Trovarp RIoLLe’s (1914) results 
and mine indicate. 
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of the selfed white parent, a 1:1 ratio of white to yellow was to be expected. 
The observed numbers (1917 and 1920) were 4 white, 11 yellow, 7 sap- 
colored, and 7 yellow sap-colored. As the white parent (3u-6-21) gave 1 
purple among 7 progeny from bagged flowers, it is somewhat likely that 
the pollen taken from it for crossing was contaminated; an experimental 
error of 50 percent seems improbable, however, The parents may have 
carried complementary factors for sap color. These plants were included 
for the calculations for this paper. 

The lot means for root diameter in the cultures of 1917 are given in 
table 4. With the C X C and the W X W crosses, the root diameter 
of the hybrids regularly exceeds that of the larger selfed line, the excess 
being greater with the former group. With the C X W and the W x C 
crosses, the hybrid mean is near to that of the higher parental line in three 
cases, considerably higher in two, moderately lower in one, and practically 
midway between the selfed lines in one. The group means (“all C x C,” 
etc.) for the three types of crosses show the C X C group much above the 
corresponding higher selfed lines, the W X W group moderately above, 
and the third group proportionately still less above. 

These group means are somewhat defective, since the lots in each 
group vary in number of individuals and also often vary considerably in 
their respective means.? This objection is avoided in table 9, which is 
calculated by averaging the lot means without reference to the number of 
plants, each selfed-line mean being used once for each cross in which its 
parent appears. Each “selfed’”’ value here corresponds to the mean of 
the low and high “selfed’’ means for the same group in tables 4 to 8, 
from which, as a rule, it does not greatly differ. The proportionate excess 
of the crosses over this mid value of the parental races is decidedly less 
with the W X W group than with the other two. 

The means for stem diameter are given in table 5, with the recalculated 
group means in table 9 as before. In every cross but one (series 45) the 
hybrids exceed the larger inbred race. The difference is not great with 
the C x C crosses, while for the C XK W and W  X C crosses the general 
mean of the hybrids (table 9) is more than double that of the selfed 
races. : 

The ratio of root diameter to stem diameter (tables 6 and 9) gives a 
good measure of the amount of thickening of the root. Three of the C X C 
crosses are a little above and one a little below the higher selfed race; this 

* The probable error, which assumes random sampling from a single statistical population, 


therefore gives an exaggerated impression of the statistical reliability of the group means in these 
tables. 
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TABLE 4 


Cultures of 1917. Mean diameter of root in centimeters.* 



































CROSSED SERIES LINE 1 CROSS LINE 2 
42 9.20 14.02 8.20 
48 8.20 12.84 9.20 
49 8.20 10.00 4.53 
50 8.20 10.90 3.57 
All CXC 5.29+ .24 12.03+ .21 8.58+ .27 
43 3.67 5.09 4.27 
44 1.88 2.56 - 
53 2.55 3.79 3.67 
55 2.55 4.90 3.394 
AllW XW 2.88+ .14 4.41+.12 3.53+ .21 
41 1.88 §.35 5.76 
45 6.86 3.91 1.00 
46 5.76 5.83 1.88 
47 6.48 5.625 1.88 
51 4.11 8.89 5.35 
52 2.442 9.48 4.53 
54 1.88 4.94 4.53 
All CK W 
and WXC 2.40+.11 6.76+.21 5.77+ .16 





* Measured to the nearest millimeter. See page 120. 

> For individual series this column gives the means for selfed progeny of the respective seed 
parents; for the groups of crosses this column gives the means for the combined progeny of the 
parents giving the /ower values in selfed progeny. As tables i and 2 show, the lots vary much in 
size; for means giving equal weight to the progeny means of all parents, see table 9. See also 
tables 1 and 2. 

© The pollen parent of series 44 gave no selfed seed. This series is omitted from the WXW 
summation. 

4 Parent represented by progeny of its sibs 19a-10 and 19a-18. For the WXW mean, 19a-10 
alone is used, as 19a-18 is brought in by series 43. So also in tables 5 to 8, except as noted in 
table 7. 


suggests the presence of distinct cumulative and more or less dominant 
fleshy-root factors in the various “cultivated” races. With the W xk W 
crosses, on the other hand, the ratio is slightly below that of the lower 
parent; and that in spite of the fact that the 19a race (see table 2 and pages 
117 and 122) figures in two of the three available crosses. 

In the two crosses involving 5a-11 the hybrid mean ratio is nearer to 
the C than to the W parent. The other C race with a low ratio has given 
(series 45) hybrids even lower than the W parent. In the four other 
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C X Wor W X C crosses, involving three C parents (two varieties) with 
roots more greatly thickened than those just considered, the roots are 
slightly more thickened than in the W parent. With three of the four 
C races, therefore, these crosses indicate nearly complete dominance of 
the “‘wild” type over the fleshy-rooted edible type. This one exceptional 
race (Long Black Spanish) is a comparatively late, slow-growing form, 


TABLE 5 


Cultures of 1917. Mean diameter of primary stem in centimeters.* 





























CROSSED SERIES LINE 1 | CROSS LINE 2 
42 2.56 | 3.78 3.39 
48 3.39 | 3.89 2.56 
49 3.70 | 3.78 3.24 
50 3.39 | 3.88 2.60 

AI CXC | 3.05+ .08 | 3.844 .06 3.4254 .19 
43 3.90 5.64 3.50 
44 2.04 2.825 elses 
53 2.75 4.29 3.90 
55 2.75 5.52 3.11 

All WXW 2.864 .13 4.95+.12 3.51.28 
41 2.04 5.22 2.83 
45 5.11 4.15 1.01 
46 2.83 5.50 2.04 
7 1.71 4.91 2.04 
51 4.34 7.16 2.35 
52 | 2.825 7.85 3.24 
54 | 1.89 3.87 3.24 

Ali CXW 

and WXC 1.83+ .06 5.91+.17 3.53+.11 








* See notes to table 4. 


with long roots commonly tapering gradually toward the slender tap root. 
Of the other three C races, series 11 and 13 are short-rooted varieties, 
while series 17 is about “half-long.” It may be noted that in 1916 the 9 
progeny of 5b were markedly later than the progeny of 5a, producing 
enormous roots and rosettes and in 7 cases entirely failing to flower. 
The W parent 19a-10, which (page 117) comes of ancestry showing con- 
siderably thickened roots under winter conditions, apparently behaves in 
a cross with 5a-11 (series 52) about like the little, yellow-flowered, slender- 
rooted 4k-8-4 (series 54). On the other hand, 26-3-8, which, though 
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slender-rooted, was probably pure Raphanus sativus, seems nearly com- 
pletely dominant over a cultivated variety with short roots. 

Mlle. TROUARD RIOLLE (1914) observed that the F, hybrids between 
Raphanus sativus and R. Raphanistrum commonly produced strongly 
branched, prongy roots. This agrees with my observations on C XK W 
and W X C crosses in 1917. She found the thickening of the root in the 
hybrids to be variable but often considerable, and classes “‘racine tubéri- 


TABLE 6 


Cultures of 1917. Mean ratio of root diameter to stem diameter.* 






































CROSSED SERIES LINE 1 CROSS LINE 2 
42 3.60 3.7 2.57 
48 2.57 3.35 3.60 
49 2.22 2.70 1.40 
50 2.57 2.86 1.38 
All CXC 1.673+ .074 3.195+ .061 2.940+ .143 
43 .96 .90 1.22 
44 .93 91 — 
53 94 88 .96 
55 94 .89 1.08 
All WXW .943 + .010 .891+ .010 1.017 + .022 
41 .93 1.07 2.06 
45 1.34 .93 1.01 
46 2.06 1.06 .93 
47 3.95 1.14 .93 
51 .95 1.17 2.34 
52 97 1.22 1.40 
54 1.28 1.40 
All CXW 
and WXC .950+ .017 1.139+ .015 2.248+ .098 





* Means of the ratios as calculated for the individual plants from the measurements averaged 
for tables 4 and 5. 


” 


sée” among the characteristics of sativus which are dominant in the 
hybrids. In the F, cultures of 1920 described below, many or most of 
the plants from C xX W or W C crosses, in cases where the C parent 
was a “turnip” radish or other short-rooted type, differed definitely from 
the W parent in root form. Many roots of mature plants, although small 
and woody, were definitely thickened and might be described by such 
terms as turbinate or conical. Apparently these short-rooted cultivated 
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varieties carried some gene or genes showing at least partial dominance, 
which affected root form and caused some thickening. It will be shown 
below, however, that the very marked root thickening of the cultivated 
variety, with the associated lateness of flowering, appeared in only about 
25 percent of the F; individuals. A single recessive ‘“‘main’”’ gene for root 
thickening (as to maximum diameter) is indicated, though its recessiveness 
may be incomplete. 

MALINOWSKI (1916) has studied eleven F, families from a cross between 
a long-rooted and a round-rooted variety of radish. For the results as 
to root form, he suggests the dihybrid scheme given by KaJaAnus (1912) 
for crosses between beets of different root form. The dominant long- 
rooted radish is supposed to be homozygous for two partially dominant 
genes, cumulative in their effect, which are not carried by the round- 
rooted form. Table 6 suggests that long-rooted and short-rooted races 
may behave differently in crosses with non-thickened forms. 

Obviously such “long-root”’ genes might have little effect in the absence 
of a “‘main” gene for root thickening. They might even obscure the 
effect of a “main” fleshy-root gene by making the thickened roots rela- 
tively long and slender. In our cases, however, a long-rooted race seems 
to affect F,; root diameter more than do short-rooted races. Some back- 
cross results of 1917, as will be shown below, suggest considerable domi- 
nance of thickening and also the presence of cumulative genes for 
thickening, in long-rooted races. 

Two “wide” cruciferous crosses have been reported in which root 
thickening seemed completely recessive, although in one case there is no 
basis for conclusions as to the number of genes concerned. One of these 
crosses is GRAVATT’S (1914) sterile hybrid between radish and cabbage 
(Brassica oleracea L.), which was not even markedly tap-rooted. The 
other is RAGIONIERI’sS (1920) cross between the common turnip (Brassica 
rapa L.) and pe-tsai, “Brassica chinensis” (B. pekinensis?), in which the 
fleshy root reappeared in F, as a simple recessive character. 

While, therefore, the root diameter is greatly increased in all the 
crosses here reported, special root-thickening genes seem in general to 
play a minor part in this result outside the C X C crosses. With the 
possible exception of these crosses, the increase in size of root seems to 
be due mainly or (in the W X W crosses) entirely to a general increase in 
vigor of growth. 

Doubtless the best indication of general growth vigor here presented 
(possibly excepting stem diameter) is leaf length (tables 7 and 9). Every 
hybrid lot exceeds the higher of the corresponding selfed races. The 
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percentage increase of the mean over the mid value of the parental races 
(table 9) is considerable in all three groups, but much the greatest in the 
C X W and W X C group. When stem and root are also considered, it 
appears that this group, which doubtless involved the greatest average 
difference in parental constitution, showed the greatest amount of hetero- 
sis. The great vigor of these hybrids agrees well with Mlle. TROUARD 
RIOLLE’s (1914, 1920) results with many crosses between Raphanus 
sativus and pure R. Raphanistrum. 


TABLE 7 


Cultures of 1917. Mean length of longest main-stem leaf in centimeters.* 























CROSSED SERIES LINE 1 CROSS LINE 2 
42 24.0 30.3 22.7 
48 22.7 31.0 24.0 
49 23.0 38.0 35.2 
50 22.7 39.2 31.0 
All CXC q2.40. £2.03 34.50+ .46 32.754 .82 
43 41.0 52.8 39.0 
44 22.1 33.9 Saanet 
53 33.2 47.3 41.0 
55 33.2 56.2 35.1> 
All WX W 34.00+1.60 50.60+ .92 41.00+2.78 
41 22.1 8.7 21.2 
45 34.2 55.8 21 .% 
46 21.2 49.7 22.1 
47 16.2 43.8 22.1 
S1 43.8 46.5 16.8 
52 32.3 58.9 35.2 
54 26.0 53.7 35.2 
All CX W 











and WXC 21.444 .% 51.95 + .62 34.45+ .85 





* See page 120 and notes to table 4. 
> As the progeny of 19a-10 and 19a-18 disagree in their relation to those of 3p-14-6, series 55 
is omitted from the WXW mean. See table 4, note d. 


East and Jones (1919) conclude that greater size in hybrids is com- 
monly accompanied by earlier flowering. Such greater rapidity of life 
processes is indicated by the data of table 8. In three out of four C xX C 
crosses the hybrids flowered nearly or quite as early as the earlier selfed 
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line, and the general average (see also table 9) is earlier..° Such an effect 
might have been expected with the third group of crosses, because of the 
usual (incomplete) dominance of the slender-rooted wild type, but it is 


TABLE 8 


Cultures of 1917. Mean time in weeks from sowing to opening of earliest flower.* 



































CROSSED SERIES | LINE 1 CROSS LINE 2 
| 
42 | 19.18 16.53 16.50 
48 16.50 16.29 19.18 
49 | 14.93 16.01 16.18 
50 | 16.50 15.86 15.60 
ancxc | 16.11+.19 16.18+.06 | 16.64+4.15 
43 | 11.50 12.83 | 14.26 
44 | 13.01 9.18 | 
53 16.25 12.46 | 11.50 
55 16.25 | 13.73 | 15.21 
Al WXW 13.114 .53 12.80+.09 | 15.98+.33 
41 13.01 14.60 17.29 
45 15.79 | 13.38 13.04 
14.66°) stone 
46 17.29 14.26 13.01 
47 18.21 13.62 13.01 
51 14.49 15.24 18.93 
52 15.93 15.06 16.18 
54 13.87 14.43 16.18 
All CXW 
and WXC | 13.86+.14 14.47+.08 | 16.984 .15 








* From weekly observations. One observation was made one day late, and the appropriate 
correction of class centers has been made. Only 4 plants, in lots 2 and 19, are affected in planting 
1. See page 120. 

> The second value is for 11 plants, omitting 2 whose flowering was much delayed by the partial 
sterility occurring in some individuals of this race. These plants are omitted in calculating 
the group means in “selfed” columns 3 and 4 of table 9, but not elsewhere. 


actually a little the greatest with the W X W crosses. Further, series 52 
and 54, whose root-stem ratio was more like the C than the W parent, 
were conspicuously early. 


1° Tt should be noted that on one occasion several lots were missed in the observations for 
flowering, and a few plants were assigned to the earlier week on the basis of their appearance at 
the next observation. The series omitted, with the total numbers of plants recorded at the 
next observation, were: series 45 (5 plants), 46 (3), 47 (5). 
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The close correspondence of reciprocal crosses in the two pairs (series 
41 and 46, and series 42 and 48), in all characters, is good evidence for the 
general reliability of these results in spite of the small numbers of indi- 
viduals. 

3r-8 was the plant used in the wire-cage pollination test described under 
“Materials and methods.”’ One of the hybrids produced in that test, 
20a(a)-1 (pollen parent, 14b), probably the largest plant in the cultures 
of 1916, was pollinated by 17a-16 and 6a-13. The “second planting” of 
1917 included plants of these back-crosses, both (W Xx C) X C combina- 
tions, and also F, progeny from selfing of 20a(a)-1 and 20a(a)-2, as 
indicated in table 10. No measurements were made, but general observa- 
tions on size characters were recorded. 

Both F, lots were highly variable. The progeny of 20a(a)-1 varied 
from large to small, with varying resemblance in mode of branching to 
the two very different P,; types." The progeny of 20a(a)-2 were small to 
medium in size and markedly smaller than the adjacent progeny of 
20a(a)-1, the F, plants differing in size in the same way as did their F, 
parents. The roots of the 20a(a)-1 progeny and the leaves of the other 
lot more closely resembled the 14b(“‘C”’) grandparent. In the former lot 
the reflexion of the pedicels of 37-8 was certainly well developed in 3 cases 
(evidently in 4), and partially developed in 4 (probably 5) more, out of a 
total of 55 or slightly fewer plants; its development therefore seems to be 
conditioned to some extent by more than one gene in this material. In the 
latter lot no clear case of reflexion occurred, though there were suggestions 
of it with two plants; 20a(a)-1 and 20a(a)-2 therefore evidently differed 
in factors affecting “reflexion.” 

The two back-crosses to commercial varieties, or (W XC) XC crosses, 
mentioned above, gave progeny that were much less variable than the F, 
lots in size, leaf form and habit, and of much greater average size. Four 
progeny of selfed 6a-13 in this planting were small, and we have seen that 
the progeny of selfed 37-8 in 1916 were very small; since series 14 also gave 
plants of moderate size, this back-cross, at least, showed very great 
“hybrid vigor.” 

Although no individual size records were made, it is known that in 
the first back-cross, at least, the roots were all or nearly all of the “cul- 
tivated” type; in fact, they commonly showed to a considerable extent 
the extreme protrusion from the soil characteristic of the C parent. This 
result of two successive crosses by different long-rooted cultivated varieties 


11 The wild races in general branch much lower and more diffusely than the cultivated varie- 
ties, the primary axis being much stronger with the latter. 
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suggests considerable dominance of genes for root thickening, and the 
possible presence of cumulative non-allelomorphic genes for thickening. 
It should be noted that 20a(a)-1 itself, like one of its five sibs, had a root 
described (in 1916) as ‘‘much thickened” (diameter, 7.9 cm). It never- 
theless seems improbable that 20a(a)-1 received a recessive “main” root- 
thickening gene from its W parent. 

A marked tendency to root decay noted in the 6a line was evident in its 
hybrid progeny, causing the death of numerous plants both before and 
after the beginning of flowering, while the 17a-16 hybrids were much 
less affected; excessive size and protrusion of the root in the former case 
may have favored decay. JONES (1918) found that some hybrid radish 
seedlings seemed less susceptible to attack by “damping-off” fungi than 
the corresponding selfed races. 

Table 10 gives data for flowering in the second planting. Only three 
progeny from selfing of 6a-13 were available; considering these, the back- 
cross progeny of 6a-13 were slightly nearer to the corresponding earlier 
selfed race, 20a(a)-1-F:. In the back-cross to the earlier 17a-16 line, the 
mean is earlier than in the other back-cross, and is close to that of the F, 
lot from selfing of 20a(a)-1; no direct comparison with the 17a-16 line is 
possible, since the only selfed progeny of 17a-16 were in the slower-growing 
first planting. The next cross was only moderately earlier than its 
later (11a-1) selfed line. The last two crosses differed in the same 
sense as did the respective pairs of inbred races grown in the first planting; 
4k-10-12, as in its other cross with a W race (table 8, series 44), gave very 
early flowering. The two back-cross lots were moderately lower in vari- 
ability than the two F; lots.” 


The cultures of 1920 


The general F, cultures of 1920 (see page 120) were grown mainly for 
the study of color characters. As in 1917, the mean diameter of root and 
stem (table 11) in series 49, 50, and 54 exceeded that of the higher selfed 
race; there are no exceptions, in spite of the very small numbers in some 
lots. Of these series, F, plants were measured only in series 54; with both 
lots and both characters there was a marked decrease in mean size from the 
F, values, accompanied by segregation in color, size, earliness and other 
characters. 


12 The differences are about 2.25 and 3.67 times their probable errors, giving “‘one-direction”’ 
odds, in favor of the possibility that the F, lots represent the more variable theoretical popula- 
tions, of about 15:1 and 151:1, respectively. 
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Cultures of 1917, second planting. 


Taste 10 


with C races,* etc. 





Time of flowering for aW X C cross in F2, and for back-crosses 























| 
sali SEEDS q précis | siiceas | COEFFICIENT 
SOWN | | OF VARIATION 
| Teenaplanted Deteeminet 
20a(a)-2 40 | 37 36 | 11,754.12 | 945+.76 
20a (a)-1 63 | 60 | SS | 12524.09 | 8.06+.52 
20a(a)-1 X6a-13 96 | 9 | 85 | 14.294.07 | 6.65 +.35 
6a-13 30 4 | 3 | 16,604.17 
20a(a)-1X17a-16 68 | 68 | 66 | 12.81+.06 5.78 +.34 
11a-1 e ] 3 | 3 | 12.88+.18 
11a-1X4b-10-12 > 5 | 11,764.15 
2b-3-8 X 17a-16 4 | 14 | 14 12.43 +.08 
4k-8-4X4k-10-12 ) 5 15 | 14 9.79 + .09 
} age = | 
First Planting:* | | | 
= | 
2b-3-8 | 16 14.49 +.08 
4k-8-4 | 16 13.87+.31 | 
4k-10-12 | | 13 13.01+.28 
17a-16 | 11 (13) 14.66+.154 








Cultures of 1920. 


® See table 8 and text. 


> Possibly the earliest 1 to 4 plants were recorded a week too late; mean not less than 9.50 


+.35. 


© Means from table 8, not directly comparable with the other values in table 10; see text. 


4 Or 15.79+.51. 


See table 8, note b. 


TABLE 11 


and for hybrid F»2. 


Mean diameter of root and stem for selfed lines (F, from selfing), for hybrid F,, 








PARENTAGE NUMBER OF | RooT DIAMETER | STEM DIAMETER 
PROGENY | 

4k-8-4 6 L7Ot AZ 1.65+.12 
Sa 5 7.94+ .39 6.94+.79 
Sa-11 4 5.73+ .26 5.65 + .24 
5a & Sa-11 * 9 6.96+ .35 6.37 + .48 
S4aa (4k-8-4 x 5a-11) 6 8.13+ .31 7.30+ .42 
54aa-5 35 S37: 33 4.71+.24 
54aa-8 42 5.97+ .26 5.16+.23 
9a-8 19 7.74+ .28 6.17 + .32 
49aa (9a-10X 5a-11) 3 14.13+1.30 10.43 + .22 
50aa (9a-9 X 5a-6) 14 19.65+ .58 10.01 + .36 
49aa & 50aa 17 18.68+ .63 10.09 + .30 
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In spite of the great irregularity to be expected with such small numbers, 
the coefficient of variation was much higher in F, than in F; or in the 
average selfed lot. In root diameter, the better-determined character, 
the F, values were 54.4+5.5 percent and 41.4+3.5 percent, while the 
other lots ranged from 13.9 + 2.8 for 54aa-F, to 26.5+5.5 for 4k-8-4 selfed. 

In at least two cases, F,; sibs have given F, families notably different 
in vigor. Besides the 1917 case reported above (20a(a)-1 and 2), a marked 
difference in size has been observed between the progeny of 50aa-4 and 
50aa-7 in 1920; the latter F, plant, which was recorded as a little earlier 
and slightly larger, has given progeny that average considerably larger 
and earlier. Apparently one F;, plant has here received a definitely more 
favorable set of size-affecting genes than the other. This result tends to 
favor JONES’s (1918) hypothesis of heterosis, since it seems unlikely that 
the F, plants in these rather “‘wide”’ crosses varied greatly in total amount 
of heterozygosis. 

Series 54, which in 1917 had an F, root-stem ratio nearer the fleshy- 
rooted parental race, gave frequent F; individuals very similar to the P; 
types. The differences in size and form of root and in persistence of the 
rosette condition are doubtless conditioned to some extent by various 
genes, but it would seem likely that the main differences in root thickening 
and lateness depend upon only one or two “principal” pairs of genes. 

The accompanying figures show plants of selfed races and correspond- 
ing F, and F, hybrids, all grown in the same field in 1920. Selfing had 
been continued, as the pedigree numbers show (see also pages 118, 119), 
for one or two generations. All crosses here illustrated were made in 1916 
after one generation of selfing. The camera was placed at a measured 
distance from the line of the row, and the distance of the lens from the 
plants was therefore roughly uniform, except that in figures 8 and 10 a 
distance nearly 20 percent greater was found necessary. Figure 4 was 
taken on October 16, and the rest on October 19 and 20, 1920. 

Figures 1 and 2 show the parental selfed races corresponding to the 
hybrid series 54, and illustrate the very great difference in earliness 
between C and W types which was usual in 1920. Figure 3 shows the 
preceding generation of the C line; although too few progeny were grown 
to prove that the smaller size of the later generation was characteristic, the 
two lots at least show well the general appearance of plants of this race 
prior to flowering. Figure 4 shows the great size and intermediate flower- 
ing of the F, hybrids (half-sibs of the plants in figures 1 and 2), and figure 5 
the striking F, segregation in time of flowering. Figure 6 shows a C race 


which was crossed with 5a-6, and figure 7 shows the marked vigor of the 





te6re 














HETEROSIS AND DOMINANCE IN RAPHANUS 139 





Pig. 2 





Ficure 1.—A selfed line much like Raphanus Raphanistrum. Progeny of 4k-8-4. 
FicurE 2.—A selfed line from the variety Black Spanish. Progeny of 5a-11. 
FicurE 3.—Progeny of 5a, the parent of 5a-11, from selfing. 


FicurE 4.—F, progeny from a W XC cross (54aa); parentage, 44-8-4 X5a-11. 
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F, hybrids; the selfing parents in this case were not the parents of the 
hybrids, but were closely similar sibs of those parents. 





Fig. 5 





Fig. 8 


Ficure 5.—F; hybrids, progeny of 54aa-8 (see figure 4). 

FicurE 6.—A selfed line from the variety Early Scarlet Turnip. Progeny of 9a-8. 
Ficure 7.—F, progeny from a CXC cross (50aa); parentage, 9a-9 X5a-6. 

Ficure 8.—F, plants from a CXW cross, 11a-13 X4k-10-12; progeny of 46aa-3. 
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In other crosses (series 41, 46 and 47), involving two varieties of short- 
rooted radish and a W form, where the W root-stem ratio seemed almost 
completely dominant, there has been similar segregation (see figure 8). 
Frequent plants with very thick roots and late flowering have appeared, 
suggesting a single “principal” gene for these “‘physiologically correlated” 
characteristics. Measurements and flowering data seem to indicate, in 
fact, that this gene is definitely recessive and that its effect is not seriously 
masked either by other genetic factors or by environmental modification. 
Doubtless largely, at least, because of differences in the age of the plants 
when measured and in the mode of growth at different seasons, the root- 
stem ratio, as formerly determined, does not seem to be a satisfactory index 
of root thickening for the 1920 cultures. Often, for example, greatly 
thickened roots were split, or the morphological stem base was so enlarged, 
as a part of the apparent root, as to give a low ratio. Root size itself, 
however, in spite of the disadvantage of its obvious high correlation 
with general plant size, proves to be very closely correlated with lateness 
in the 1920 cultures, and consideration of the flowering records at the 
same time gives a classification very nearly free from doubtful cases. 

“Earliness” was recorded for these lots on August 10, except that for the 
individuals which were sunburned and therefore transplanted later (only 
9 plants altogether in these series) the record was made on August 21. The 
terms used were defined essentially as follows: 

Very early: long in bloom. 
Early: many clusters (for size of plant), but capsules mostly young. 
Medium: only recently in bloom. 


Late: buds visible. 
Very late: buds not visible. 


The frequency distributions for root size are given in table 12. The time 
of observation for earliness evidently about coincided with the general 
division between the flosvering of “pure W” and “pure C”’ races in the 
cultures, although most plants of the C races did not bloom until late 
fall, winter, or even spring. The classification of the dead plants, which 
would be doubtful on the basis of root size alone, is determined satis- 
factorily by the flowering records, which are indicated in the “Earliness” 
columns of table 13; the flowering record is given for all plants not recorded 
as “early” or “very early,” and for all plants having root size above that 
of the 4.55-centimeter class. The small-rooted plants were quite regularly 
“early” or ‘“‘very early,” and the large-rooted plants “‘late”’ or “‘very late.” 
The “medium” plants are in most cases obviously genetically early, 
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Cultures of 1920; crosses between C and W races, F». 
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TABLE 12 





Frequency distributions for root diameter.* 





CLASS CENTERS OF PARENTS AND FREQUENCIES OF PROGENIES 





Red Progeny 
































| 
CLASS | Red and Purple Progeny 
(cm) | 1 gyre | 1 | 6 | 8 
55 | mw 1(1)| 3(3) 
155 | 4(2) | 1(1)|11 9} 2 (2)} 2(1)} 7 ©) 
255 | 6(4) | 3(2)/14(7)} 2(1)} 2(1)} 7 
3.55 | | }7()}2 | 2 11) 
455 | 1 3; 42 
5.55 | 7 sie jt 
6.55 | ca 2 1 
2S aa 1 2 1 
8.55 | | i‘. 2a ae ee 
9.55 | | | 1 
10.55 1 3 
11.55 1 | 1 
12.55 2 
13.55 | 1 |1 
14.55 1 1 
15.55 1 1 
16.55 
17.55 1 
18.55 
19.55 
20.55 1 
Not measured| 1 purple 1 1 
very early | pur- pur- 
ple ple 
med- | late® 
jum 
| 
Totals....| 12 8 |39 |18 16 [38 


























46aa 





— — me KD 








1 


1 





8 7 











47aa 





6 





4 





8 


1 (1) 


a a 


10 





* The numbers in parenthesis indicate the plants dead at the time of measuring. 

> One plant here included, which died in the rosette stage, showed too little color for positive 
determination, but was described as “apparently red.” 

° Feeble, flowers aborting on August 20. The three plants noted on this line died early and 
were not available for measurement; they will all be treated as genetically early. See text. 


especially since they were in large part conspicuously weak plants which 
grew on an area of hard soil.¥ 

The C parents of these three series had red roots, and the white-rooted 
W parent plainly carried a dominant “purpling” gene, since all the F; 
plants had purple or violet-pink roots. 


The F; reds are, therefore, pure 


18 The one “late” and four of the “medium” small-rooted plants were adjacent stunted plants 
in one row. 
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recessives. From the results obtained by Mlle. TRovarp RIoLteE (1914), 
D. F. Jones (mentioned in correspondence), and myself, it is probable 
that most cultivated radishes not having red root color carry the purpling 
gene, though I have found red flower color combined with white roots in 
one or two plants of one selfed line of a white-rooted variety. Mlle. 
TROUARD RIOLLE reports finding, among 20,000 plants of many varieties, 
only one plant with red flowers and non-red roots; this plant had white 
roots and pink flowers. It is probable, therefore, that purple depends 
upon a dominant ‘‘wild-type”’ gene, perhaps common to Raphanus sativus 
and R. Raphanistrum, while “‘red”’ is a recessive mutant gene. Following 
the scheme used for Drosophila, therefore, we may represent the “red” 
gene by 1, and its “wild-type” (purple) allelomorph by R. The scarcity 
of purple-rooted cultivated varieties is plainly due to artificial selection 
of the more attractive red; on the other hand, the usual presence of the R 
(purple) gene in the white, black, gray, and yellow varieties may be due 
to some biological superiority of R to its recessive derivative 7.4 It 
should be noted, however, that r seems to have been common in the 
Raphanistrum material used by Mlle. TRovarp RIOLLE (1914) in some 
crosses with sativus. 

In view of her statement (TROUARD RIOLLE 1914, 1920) that crosses 
between red and black give “‘violet’”’ (purple of this paper), it should be 
said that black root color is in my material plainly distinct from red and 
purple, both in expression and in inheritance. Black is due to a brownish 
darkening in a few of the outermost cell layers of the root, and a discolora- 
tion apparently identical in nature sometimes occurs in irregular areas on 
old roots of non-black varieties. Purple and red, on the other hand, are 
ordinary sap colors; they commonly extend deeper into the cortex than 
does black, and may occur in tissues within the cortex. The inheritance 
of black is evidently complex, since F; sibs from a cross between black and 
non-black may give either a majority of black progeny (perhaps 3:1) or a 
majority of non-black, while dilute blacks are common in both F; and F; 
in certain crosses. Red X black has given purple and black combined in 
F,, and in F, the following: black and purple, black and red, black, 
purple, red, white. It is therefore certain that combination of the genes 
“for” black and red does not in itself produce purple. 

The dihybrid classification of table 13 is then obtained as follows: 
All plants in or below the 4.55-cm class for root diameter, and all others 


4 Even white-rooted plants usually show some anthocyan color in the stems and leaves, and 
evidently purples usually have more than reds. 
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recorded as “early” or ‘“‘very early,” are considered to be pure or heterozy- 
gous slender-rooted (early). The rest are classed as pure recessive “‘late’”’ 
or thick-rooted; these are all in the 5.55-cm and higher classes, and all but 
four (one “‘medium” and three “‘late’’) were described as “‘very late.” 
The data for anthocyan color given in table 13 greatly strengthen the 
































case for segregation of root size, both in general and in detail.“ The 
TABLE 13 
Summary and analysis of the frequency distributions of table 12, showing linkage.* 
CLASS PURPLE RED DIHYBRID CLASSIFICATION 
CENTERS 
(cm) Number Earliness Number Earliness Betty | Bay | tem pon 
purple red purple red 
.55 | 4( 4) |2 medium 4 
1.55 |27(21) |7 medium, 1 late. 27 
2.55 |33(12) |3 medium 1 (1) |1 early 33 1 
3.55 |21(1) {1 medium 1 (1) |1 very early 21 i 
4.55 | 4 1 1 early 4 1 
§.35 13 3 early z 1 late, 1 very late 3 2 
6.55 | 2 1 early, 1 late 4 1 late, 3 very late 1 1 4 
7.5311 1 very late 3 1 medium, 2 very late 1 3 
8.55 | 1 1 early 3 3 very late 1 3 
9.55 1 1 very late 1 
10.55 4 4 very late 4 
11.55 2 2 very late 2 
12.55 2 2 very late 2 
13.55 2 2 very late 2 
14.55 2 2 very late 2 
15.55 2 2 very late 2 
16.55 
17.55 | 2 1 very late 1 
18.55 
19.55 
20.55 1 1 very late 1 
Not 
meas- 
ured | 3 Classed as early» 3 
Totals | 100 purple 31 red 97 3 3 28 
100 early 31 late 
Calcu- 
lated 98.25 32.75 95.2 3.1 3.1 |29.7 

















* See table 12 and text. 
> See table 12, note c. 


The plants which have little or no color in the roots and flowers can usually be classified 
satisfactorily from the color of the stems (including the young hypocotyl) and the petioles. 














HETEROSIS AND DOMINANCE IN RAPHANUS 145 


presence of strong linkage is beyond question, and the border-line cases in 
the size distribution are found, when classified on the basis of earliness, to 
be mainly in the groups which are most probable on the basis of their 
color. Both crossover classes are also of the size to be expected from the 
strength of linkage indicated by the relative size of the non-crossover 
classes. The crossover percentage, as calculated from HALDANE’s (1919) 
formula, is 4.78+2.71 percent, and the “calculated” dihybrid ratio is 
computed from this percentage. In spite of the smallness of the sample, 
therefore, a low ‘‘true” percentage of crossing over is highly probable. 

It might be objected that we are here dealing with a sort of species cross, 
and that the association of factors in their parental combinations might 
be due to partial sterility which eliminates the more heterozygous com- 
binations, as in some Nicotiana crosses (East 1921). The F, hybrids in 
general, however, gave no suggestion of sterility, and some of these F; 
lots are progeny of parents which produced relatively large numbers of 
seeds with selfing. Further, certain other characters give much freer 
recombination; for example, some of the lots of progeny under discussion 
show a recessive plastid color (yellow), which was introduced into the 
cross by the purple-carrying parent and seems to recombine freely with 
red sap color. The “good” monohybrid ratios for the characters especially 
discussed also constitute an objection to such a non-linkage interpretation. 

Mlle. TROUARD RIOLLE (1914) found a considerable amount of defective 
pollen (small empty grains, exceeding 50 percent of the total number), 
in hybrids between Raphanus sativus and R. Raphanistrum, while the pure 
species had at most a very small proportion. This does not necessarily 
imply, however, any such extensive elimination of new combinations as 
has been assumed for Nicotiana, and the considerations stated above 
render such an occurrence very improbable in the present case. It is 
possible, of course, that my Raphanistrum-like material, as a result of 
repeated natural crossing, has lost any original tendency to the production 
of pollen sterility in hybrids with sativus. 

This case of linkage between a size or habit gene and a color gene is of 
considerable interest in itself. It illustrates once more the principle so 
well established by the Drosophila work, that the occurrence of linkage 
is independent of the nature of the somatic characters involved, and 
depends only upon the nature of the gene-carrying mechanism. It is also 
of interest in providing one more instance of demonstrable location of a 
size gene in a chromosome. 

I am obviously assuming the general applicability to plants of the 
chromosome hypothesis so firmly established for Drosophila. The idea 
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that phenomena at once so general and so similar as those of Mendelian 
heredity in animals and in plants may depend on fundamentally different 
cell organs or segregation processes, as BATESON (1921) has suggested, 
seems, in view of the visible facts of chromosome reduction, to be ex- 
tremely improbable. Probably BATEsON’s (1922) recent definite ac- 
ceptance of the chromosome theory of heredity implies the conclusion 
that regular or normal genetic segregation is everywhere a phenomenon 
of the reduction division. 

The frequency distributions of table 14 correspond to the root means of 
table 11,1° with the addition of one back-cross lot. If we allow for the 
effect of greater general size of hybrid plants and for partial dominance of 
root thickening, most of the root-size data agree well with a monohybrid 
interpretation for earliness in series 54. There is one exception, however, 
the three high values in the back-cross, which are higher than the assumed 
“pure thickened”’ F, individuals. 

As might be expected from the F; root-stem ratio, the correlation 
between root size and lateness is lower than in the crosses of table 12, 
and the two sets of distributions are therefore presented separately. The 
F, plants, as in 1917, are intermediate in earliness between the parental 
races. The two F; lots evidently include some plants of each parental 
type, and (if we disregard the two “late’”’ progeny of 5a, the P, plant) 
each parental type seems to constitute about one-fourth of each F; 
family. The back-cross has about half of its progeny in the range of the 
early P, race, but two individuals (as three did with root size) resemble 
the late P, race. Accidental selfing is somewhat improbable in the latter 
case, since a 1:1 ratio of yellow to white was expected, and the actual 
numbers determined are 10 recessive yellows (like the pollen parent) to 
6 whites; further, all the large-rooted plants had yellow flowers. 

On the whole, then, it seems possible that we have here a main mono- 
hybrid factorial difference for root thickening and lateness, but with more 
influence from other factors than in the case of the group of crosses 
involving the red sap-color factor. Important differences in lateness 
within series 5 itself, are indicated by the difference between 5a and 5b 
progeny in 1916, as noted above. Two or three individuals in the little 
back-cross lot, however, seem to furnish a special difficulty unless we 
assume either the occurrence of accidental pollination or the presence of 
some important root-thickening difference among the gametes of 3k-3-2-9. 


16 All means, etc., however, as has been said above, were calculated directly from the actual 
measurements. ‘Extremely late’ plants (see page 141) are those which still had no buds visible 
on November 4 or 5, 1920. 
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TABLE 14 


Cultures of 1920. Series 54 (W XC), F; and Fo, and its ancestral selfed lines. Frequency distribu- 
tions for root diameter and time of flowering. 





















































CLASS CENTERS SELFED LINES | Fi riXw F: 
(cm) 
4k-8-4 Sa S5a-11 | S4aa S4aa-9 X4k-3-2-9 54aa-5 54aa-8 
55 3 (2) | | 1 (1) 
1.55 7 (4) 5 (1) 
2.55 2 | 5 6 (1) 5 (2) 
3.55 | 3 6 (1) 10 (1) 
4.55 | Be 5 6 
5.55 } 4 1 4 2 
6.55 2 1 4 1 2 11 
7.55 1 2 1 1 4 
8.55 1 1 2 3 2 
9.55 i 2 4 1 
10.55 1 2 
11.55 1 2 
12.55 
13.55 1 
14.55 2 
Totals....} 12 5 4 6 16 39 45 
Flowering 
Very early... 6 1 5 
i ee $ 7 9 3 
Medium ....| 1 (2?) 3 6 8 
a 1 2 4 9 
Very late.... 2 5 2 11 11 
Extremely 
iie.2 sc. 3 4 (6?)® 2 8 10 (11?)* 
Totals....| 13 ie Fe 16 39 47 





* Questioned plants were dead or nearly so at later examination, without showing buds. 


In this connection the discussion of the first (WxC)XC back-cross, 
20a(a)-1 X6a-13, reported in table 10, should be considered. 

In all the crosses where root thickening has been specially studied in F2 
or in back-crosses, it should be noted, the selfed ‘““‘W” parental races 
showed Raphanistrum characters aside from the condition of the roots. 

The W parent 3-14-6, selfed, gave progeny remarkably variable in 
size and earliness (figure 9), both in 1917 and in 1920. A few small early 
plants were produced, and some in which the rosette condition persisted 
very late in spite of the absence of marked root thickening, while some 
very leafy plants were intermediate in flowering. The time of flowering 
in 1920 (table 15) suggested a dominant lateness gene, while the appear- 
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ance of the plants suggested that dominance was incomplete, the heterozy- 
gotes being somewhat earlier and more vigorous than the pure late 
individuals. Plant 3p-14-6 itself was medium in flowering and, like many 
of its progeny, remarkably leafy-stemmed; one of its sibs was very late. 
In a WXW cross (series 53), 3p-14-6 seemed to transmit a definitely 
recessive lateness gene (figure 10; note the remarkably straggling habit 
of growth, derived from the pollen parent, which is shown by the plant 
at the right). The F, hybrids (tables 8 and 15) closely approached the 
early parent in time of flowering. Intwo F, families (table 15) approxi- 


Fig 
Pike 








Ficure 9.—A selfed line still highly variable in size and earliness. Progeny of 3p-14-6. 
FicurE 10.—F; plants from the WXW cross 3p-14-6X3u-6-21. Progeny of 53aa-14, 
showing segregation of a late type which has slender roots. 


mately one-fourth of the individuals were “‘very late”’ or “extremely late,” 
while the other family (too small) may have failed to receive the lateness 
gene. Special individual records show that the five “very” or “extremely” 
late progeny of 53aa-9 were definitely of the late-rosette type in appear- 
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ance, while the one “‘late’”’ plant was not. Two of the “late” progeny of 
53aa-14 were also noted as belonging to this type; special records seem to 
be lacking for the rest, but I believe that the only specially doubtful 
individual was the one remaining “‘late.”’ If we include the last-mentioned 
plant as pure late, the resulting ratio of early to late (omitting the all- 
early family) is 50:18. The late-rosette type was usually very distinct in 
appearance here, although the contrast was not always so extreme as in 
figure 10; the late rosettes, as with the late progeny of selfed 3p-14-6, 
varied from large to occasionally very small and feeble. 











TABLE 15 
Cultures of 1920. Frequency distributions for time of flowering.* 
PARENTAL PEDIGREE — EARLY | MEDIUM LATE "ee pier oon ALL 
EARLY LATE LATE 
| 
SPITS cin agen 2 2 5 2 11 
Same (second sow- 
sa 1 > a 3 7 3 15 
cE | 7 3 1 (?)4 1 12 
53aa (3p-14-6X3u- 
| ie 8 6 14 
I oe. ook w d'a 17 5 2 1 4 1 30 
reer 3 3 1 7 
ee ee 9 9 7 3 8 2(?)4 38 
S53aa-9 & 14....... 26 14 9 + 12 3 (?) 68 























* See page 141 and footnote 16 for definition of classes. 

b Sown about 19 days later than regular lot, but earliness recorded for both lots the same 
day. 

°See page 126 for mention of evident vicinism. 53aa-14 was certainly (from a branch 
character) and 53aa-9 and 13 probably descended from 3u-6-21. 

4 Plants doubtfully classified. The two progeny of 53aa-14 were dead at the time of the 
second observation. 


Here we find marked persistence of the rosette stage in a race with 
slender roots. In the cross the late-rosette type seems to depend upon 
one “principal’’ gene, although the results of selfing present a difficulty 
in the apparent segregation of a partially recessive early form; F; cultures 
are plainly needed. One evident vicinist was noted among the progeny 
of selfed 3p-14-6 in 1917, but it seems very likely, nevertheless, that the 
parent was heterozygous for a late-rosette gene. Plant 3p-14-6 has given 
no very early progeny in either year, and it may have carried a medium- 
early gene, an imperfectly recessive allelomorph of the late-rosette gene. 
At all events, however simple or complex the factorial relations, in the 
cross with an early-flowering type the biologically superior (early) form 
uniformly prevailed in F;. 
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Under natural conditions the usually slender, woody root of the wild 
races is biologically superior to a greatly thickened root. The much 
thickened, fleshy and often finally hollow root of the cultivated forms is 
disadvantageous in several respects, greatly lengthening the growth period 
and increasing the liability to disease and to mechanical injury. Presum- 
ably such influences have combined to eliminate mutants with much- 
thickened roots, in this and various other root-crop species, in the absence 
of artificial selection. The “wild” type of root seems to tend to develop 
where radishes escape from cultivation even in the absence of interbreeding 
with the wild species, R. Raphanistrum; its occasional occurrence in 
scattered individuals of various root crops is a matter of common knowl- 
edge. BARKER and COHEN (1918) mention a case in a cultivated variety 
of radish where presumably no species cross had occurred. 

My crosses between cultivated races, however, give no suggestion of the 
presence of complementary or cumulative genes for the woody-rooted 
condition, and it seems uncertain whether this condition usually develops, 
in escapes from cultivation not exposed to crossing with Raphanistrum, 
from “rogues” of cultivated varieties or by mutation. If it is essentially 
a dominant condition, thorough “roguing” of seed plantings should be 
very effective in eliminating it from cultivated varieties; earliness of 
blooming should usually be a valuable diagnostic character. On the 
other hand, the crosses between cultivated varieties reported above 
suggest the presence there of cumulative “secondary” root-thickening 
genes, and therefore the possibility of securing marked improvement 
in size or rapidity of root growth by means of hybridization followed by 
selection of the characters requiring uniformity. 

In the radish-cabbage and turnip-pe-tsai crosses mentioned above, 
the slender root prevailed in Fi, and in the latter case a single recessive 
factor for thickening was indicated by the F, ratio. In the former case 
the “heading” tendency of the cabbage, evidently another biologically 
unfavorable character preserved by human agency, also disappeared in F;. 

The wild forms studied, whether or not probably Raphanistrum hybrids, 
usually had capsules that were more or less woody. The capsules of the 
cultivated varieties, on the other hand, were papery or at least “‘semi- 
papery” (rather easily crushed). Occasional “wild” individuals and 
selfed lines of wild origin, however, had papery capsules. Certain crosses 
between woody and papery types have woody capsules, and this seems 
to be another case of dominance of a character which is biologically 
“favorable,” at least under conditions similar to those at Riverside, 


California, where linnets eat the seeds and have been observed to destroy 
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great quantities of capsules. The races with the more easily opened cap- 
sules, as would be expected, tend to suffer the more severely. Here, as 
with root thickening, a potent action of natural selection is very evident, 
although in both cases the rapidity of change in the absence of Raphanis- 
trum crossing is unknown. The numerous grades of “‘woodiness” doubt- 
less imply a complex factorial differentiation of the wild material for this 
character. 

Mile. TRovaRD RIOLLE (1914) shows that the difference in structure 
between the capsules of Raphanistrum and those of sativus is both con- 
siderable in amount and complex in nature. She speaks of the Raphanis- 
trum capsules as hard (‘dure’). Her studies show that, in general, a 
sativus race may rapidly acquire Raphanistrum characters if exposed to 
crossing with the latter species, but not otherwise. 

The F, data are obviously inadequate as a basis for any discussion of 
the general symmetry of the size distributions. In the case most exten- 
sively studied, that of root thickening, certain F, size distributions are 
markedly skew, and this condition is plainly due to one “principal’’ pair 
of allelomorphs showing dominance. In another cross, where root thicken- 
ing appeared to be largely dominant in F;, the situation may be more 
complex. It may be significant that in the former case the “thickened” 
parental race was an early, short-rooted form, while in the latter case the 
slower-growing “long” type of root was involved. Plainly the F; hybrids 
were in general heterozygous for many genetic factors, and their marked 
vigor as compared with the selfed races may well have been due to domi- 
nance of many ‘“‘favorable’’ genes. 

It is obvious that the general results of selfing and crossing reported 
above are similar to those which have been obtained with various other 
plant species, especially forms which are naturally cross-pollinated. The 
vigor resulting from crossing evidently increases, in general, with the 
amount of heterozygosis, and can be formally explained as due to a specific 
heterozygotic stimulus. Some portions of the evidence, however, appear 
to be definitely favorable to the dominant-factor hypothesis of heterosis. 
The following items from the preceding discussion may be mentioned: 
(1) certain “abnormal” characters, certainly or probably due to recessive 
genes, have appeared in the cultures; (2) with certain size or habit char- 
acters, the biologically (but not necessarily agriculturally) superior type 
seems to depend largely upon a dominant gene or genes; (3) one charac- 
teristic of economic value (thickened roots), which does not appear to be 
completely recessive, nevertheless is a biologically inferior condition, which 
tends to disappear in escapes from cultivation; (4) in certain crosses, 
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obviously involving many genotypic differences, different F, individuals 
have seemed to transmit markedly different degrees of vigor; (5) certain 
size and habit differences have been more or less definitely referred to 
single genes, and in one case linkage with sap-color genes has been demon- 
strated. 


SUMMARY 


1. Certain Raphanus races, both wild and cultivated, proved to be 
highly heterozygous. 

2. Much self-sterility: was evidently present, especially in wild races 
showing characters of R. Raphanistrum. 

3. Selfing for two generations isolated markedly different lines, homozy- 
gous for certain genes. 

4. The selfed lines were often markedly deficient in vigor. Crosses 
between such lines were very vigorous; they very commonly exceeded the 
larger selfed race in the size characters studied, and usually at least ap- 
proached the earlier race in time of flowering. 

5. In the F, generation, extensive segregation and recombination 
occurred, with increase of variability and evidently decrease of average 
size. One case of linkage, involving color and size genes, was found. 

6. Certain results obtained tend to support the “dominant-factor”’ in- 
terpretation of heterosis; these have been recapitulated at the close of 
the preceding discussion. 
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INTRODUCTION 


On several occasions during the past few years I have reported the 
occurrence of partial linkages in Oenothera, which indicate that nearly 
all of the genetically studied differential characters in this genus have their 
determining factors in a single chromosome pair or linkage group. 

GaTEs (1922) has recently urged that the cytological observations on 
Oenothera are not favorable to the view that crossing over takes place in 
the Oenotheras. In view of this statement it seems desirable to give some 
additional cases of linkage which have been observed, and which are so 
indubitable as to lead one confidently to predict that when the cytologists 
have finally identified the mechanism of crossing over, they will find that 
mechanism present in the Oenotheras just as in other organisms. 

The linkages here considered involve (a) the relation between the 
factor for revolute leaves (funifolia) and that for red hypanthia (rubri- 
calyx); (b) between revolute leaves and red stems; (c) between rubri- 
calyx buds and sulfurea flower color; and (d) between sulfurea flower 
color and nanella stature. 


1 The experimental cultures, which form the basis of the present paper, were supported in 
part by a grant from the Bache Fund of the National Academy of Sciences. 
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MATERIAL AND METHODS 


The material which forms the basis of these results traces through 
strictly controlled pedigree cultures to four separate original accessions 
as follows: 

(a) Ten rosettes of Oenothera Lamarckiana were collected in nature by 
Dr. HuGo DE VRIES, in the field at Hilversum, Holland, where he had 
secured the basic material for his own Oenothera studies some twenty 
years earlier. These rosettes were received at the STATION FOR EXPERI- 
MENTAL EvoLutTion, April 7, 1905, and have formed the basis of a cross- 
bred strain which is still being maintained, in which no cross closer than 
between second cousins has been made. The factor f for revolute leaves 
originated as a gene mutation in this material, and resulted in a mutant 
form known as mut. funifolia which has been described and figured in a 
recent issue of the Journal of Heredity (SHULL 1921). 

(b) The rubricalyx factor R* was first introduced to my cultures 
(SHULL 1914) by a shipment of rosettes received in June, 1912, from 
Dr. A. F. BLAKESLEE, then of the StorRS AGRICULTURAL COLLEGE, 
Storrs, Connecticut, who had grown them from unguarded seeds received 
from Dr. R. R. Gates. This material showed by its segregations that it 
contained the rubricalyx factor in heterozygous state, just as GATES had 
found to be the case in all his earlier studies of this form. The factor x 
for nanella stature, involved in the cultures referred to in the present 
paper, was probably received likewise by way of these same rubricalyx 
rosettes in which it was present as a cryptomere, though it has in the mean- 
time passed through a number of segregations from various crosses. I 
have also had nanella, of course, as a segregate or as a mutation in cultures 
of diverse origins, but these other nanellas have not been used in the 
experiments here reported. 

(c) A second accession of rubricalyx material was received December 
18, 1914 from Sutton & Sons, Reading, England, to whom Gates sold 
his homozygous strain of this form. Through the kindness of ARTHUR 
W. Sutton, Esq., a single typical specimen was, at my request, carefully 
enclosed in a paper bag and self-pollinated by hand, and it is the guarded 
seed from this plant which has supplied the rubricalyx factor used in 
most of my more recent studies. This material proved to be, as was 
anticipated, homozygous with respect to the factor R* which produces the 
intense reddening of the hypanthia of the buds, the characteristic feature 
which differentiates rubricalyx from other forms of Oenothera. This 
rubricalyx strain was not homozygous, however, with respect to certain 
other factors lying in the same chromosome, for, owing to the presence of 
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one of the zygote lethals, J; or /,, which are characteristic of Oe. Lamarcki- 
ana, the taxonomic form Oe. rubricalyx is, like Oe. mut. rubrinervis and 
Oe. mut. erythrina, a perpetual heterozygote which segregates in a 2 : 1 
ratio in every generation into (1) heterozygous rubricalyx, and (2) a homo- 
zygous type resulting from the mating of two germ cells, both of which 
lack the zygote lethals. This homozygous segregate from rubricalyx has 
smaller, flatter young rosettes, with young leaves more acute, older 
rosettes more conspicuously crinkled, stems later in developing, usually 
showing a marked tendency to fall over and become crooked, buds 
smoother and more slender than in the heterozygous type, and of much 
inferior breeding capacity due to lateness of development, relatively few 
seeds and scanty pollen. This segregate from rubricalyx has been named 
latifrons. 

(d) The sulfurea factor s was received February 14, 1918, from Dr. 
BRADLEY M. Davis, who had introduced it from Oe. biennis, in which 
species it is regularly borne by the functional eggs, into a cross with 
Oe. franciscana. It came to me as selfed seeds of a segregate from this 
cross, which had the sulfurea flower color associated with an approximate 
duplication of the vegetative features (including the large size of flower 
and long style) of typical Oe. franciscana. This same sulfur-flowered 
near-franciscana segregate had also been crossed by Dr. Davis, recipro- 
cally, with a pure (yellow-flowered) Oe. franciscana, and the F,; hybrids 
selfed and back-crossed, reciprocally, in all possible relationships,—double 
reciprocal, iterative and sesqui-reciprocal,—and samplés of seeds of all 
these combinations were generously turned over to me by Dr. Davis. 

The sulfurea factor brought with it into these combinations the egg 
lethal, /,, and the sperm lethal /,, with which it is associated in Oe. 
biennis sulfurea, and it was also noticed that while the form of the plants 
in these hybrid families was in all respects essentially that of pure Oe. 
franciscana, there was frequent segregation of green or greenish bud-cones, 
which are not found in pure franciscana, but which are characteristic of 
Oe. biennis. 

GaTES has on several occasions. attempted to make it appear that my 
results and conclusions lacked validity because of the probability that 
some of my material was of hybrid origin, but there is no ground for such 
criticism if it be understood that since 1911 I have been concerned pri- 
marily with the hereditary behavior of single genes in Oenothera and with 
their relationship to each other taken two by two, rather than with the 
relation of the tout ensemble of hybrid types compared with each other and 
with the tout ensemble of parental or other ancestral! forms. This strictly 
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Mendelian method of analysis was adopted in the belief that only thus 
could be found a solution of the fundamental difficulties which for so 
many years had baffled even the most devoted students of this group of 
plants, and the outcome has fully justified this belief (see SHuLL 1923). 
But when one follows the hereditary distribution of a single dominant 
gene like that for rubricalyx buds there are only two states in which it can 
be present, namely, heterozygous or homozygous, and it will be in one or 
other of these states regardless of its derivation from a hybrid combina- 
tion or from a pure strain. 

The technique which has been employed in my work with Oenothera is 
essentially the same in all respects as described in one of my early papers 
(SHULL 1908) and it is necessary, therefore, only to remark that soon after 
that paper was written the use of Roman numerals was abandoned and 
the individuals of each pedigree have been, since that time, numbered in 
a single consecutive series, the individuals being designated by Arabic 
numerals representing their places in the series, regardless of the number 
of rows occupied by them in the experimental field, each row being labeled, 
for convenience, with the serial number of the first plant in that row. 

When DE Vries (1915) and Davis (1915) began urging the importance 
of forcing complete germination of seeds I adopted the plan of submerging 
the seeds in water, exhausting the air completely for about two hours, and 
then allowing the seeds to remain submerged under ordinary atmospheric 
pressure for twenty-four hours before sowing in the usual earthen pans 
of sterilized soil. The first year of the use of this method (1916) I tested 
it out by the petri-dish method of Davis, and noted that the percentage 
germination was fully as high in soil as in the Petri dishes. On another 
occasion seeds of the several lots of franciscana material mentioned 
above, were divided and a part of each pedigree was grown by DAvIs 
under the technique described in his papers, and the rest treated as here 
described. Comparison of the results of these parallel cultures showed 
that there was no essential difference in the percentage of germinations 
secured by the two methods. The number of seeds sown in each Oenothera 
culture are always recorded, as are also the total germinations, so that 
percentage germination can be easily derived for each culture. I have not 
found that, in any case, complete germination brings to light classes of 
individuals which are not represented when germination is only partial, 
but nevertheless it is always advantageous to have complete germination 
because of the larger cultures thus secured. Since the Petri-dish method 
is very time-consuming, the lack of evidence that any essential improve- 
ment in genetic ratios results from its use, makes it seem more important 
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to devote the time required for handling the Petri-dishes, to enlarging the 
number and size of the cultures; for this reason it has seemed justifiable to 
continue the method which I am using even though it does not make it 
possible to give an ocular demonstration that in any specific case germina- 
tion has actually been complete. 


LINKAGE OF REVOLUTE LEAVES WITH RED STEMS AND WITH 
RED HYPANTHIA 


In Science for September 9, 1921, it was first announced that the factor 
for revolute leaves is included in the same chromosome with those for 
seven or eight other factors then already definitely known to be associated 
together in a single linkage system. ‘The basis for this conclusion, as 
stated in a paper read before the SECOND INTERNATIONAL CONGRESS OF 
EvuceEnics (SHULL 1923), consisted in the fact that in the F., family 
(pedigree No. 20156), grown in 1921 from crosses made in 1919 between 
flat-leaved, green-coned, red-stemmed dwarfs (mnanella), and the new 
mutant type, funifolia, which has revolute leaves, pink bud-cones and tall, 
green stems, consisted only of the two grandparental types (red-stemmed 
nanella and tall funifolia) and the F; type, the latter being characterized 
by flat leaves, pink bud-cones and tall, red stems. No cases of crossing 
over between any two of the factors for these four alternative characteris- 
tics were noted. Likewise, an F, family (20110) from a cross between 
funifolia, with revolute leaves, green hypanthia and long styles, and 
rubricalyx brevistylis having flat leaves, red hypanthia and short styles, 
showed only the typical monohybrid splitting with respect to style length, 
and no case of recombination of the factors for leaf form and bud colors. 
With respect to these two pairs of alternative characters the grandchildren 
exhibited only the combinations represented by the grandparents. It was 
recognized that the two families just described were too small (30 and 61 
individuals, respectively) to justify the conclusion that the factor for 
revolute leaves is allelomorphic to those for red stems and red hypanthia, 
but it was made clear that if not allelomorphic, they were at least quite 
closely linked. 

Appropriate crosses were made for testing these linkages more ade- 
quately and the results of these tests are set forth below. 


Crossing over between red stems and revolute leaves 


The cross between the revolute-leaved green-stemmed funifolia and a 
flat-leaved, red-stemmed nanella whose F; (20156) has been briefly 
re-described above, was made the basis of a test consisting of five back- 
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crosses between as many individuals of the F, type (tall, flat-leaved, red- 
stemmed), and one of their recessive funifolia sibs. The results of these 
five back-crosses are given in table 1. 


TABLE 1 


Back-cross, (green-stemmed funifolia X red-stemmed nanella) F, X funifolia. 




















FLAT-LEAVED REVOLUTE-LEAVED 
PEDIGREE 
NUMBER Red- Green- Red- Green- 
stemmed stemmed stemmed stemmed 
2153 30 0 1 36 
2154 37 0 1 56 
2155 42 | 0 0 32 
2156 1 0 0 16 
2157 17 | 0 | 0 27 
Totals wi | (o «6|lhl2 167 











The two individuals with red stems and revolute leaves did not differ in 
any way from their funifolia sibs except in the possession of the intensely 
reddened stems derived from the flat-leaved nanella grandparent, and 
there is no other reasonable explanation of the occurrence of this recombi- 
nation than that they resulted from crossing over. The small number of 
crossovers makes it clear that the numbers involved in these tests are 
wholly inadequate for the determination of the degree of linkage, but at 
least they show that the red-stem factor is separable from the flat-leaf 
factor, a fact which had not been demonstrated in the F; culture from 
which the set of F; families presented in table 1 were derived. In other 
words, the revolute factor, /, and the red-stem factor R’, are not allelo- 
morphic to each other. 


Crossing over between revolute leaves and red hypanthia 


A double series of tests of the linkage relations between the red hypan- 
thia of rubricalyx and the revolute leaves of funifolia was carried out on 
an F, family (2016) which had been specially established for this purpose 
through a cross made“in 1920 between rubricalyx and funifolia. In this 
series ten F, plants (all flat-leaved, with rubricalyx buds) were selfed, and 
the same plants were also back-crossed to the double recessive funtfolia 
(revolute leaves and green hypanthia). 

Owing to the fact that the funifolia used in this cross carried the 
balanced zygote lethals, J; l2, characteristic of Lamarckiana, while 
rubricalyx possesses one of these lethals, the F, family split into Lamarcki- 
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ana and rubricalyx with respect to the vegetative habit, though all plants 
had flat leaves and red hypanthia. The expected result of selfing the 
Lamarckiana-type F, plants, if there were no crossing over, would be that 
they should breed true to the rubricalyx buds and flat leaves, even though 
they were demonstrably heterozygous for both these characters, the 
breeding true being due to the fact that both homozygous types are 
eliminated through the normal action of the balanced lethals. On the 
other hand the rubricalyx type of F; should be expected to split into flat- 
leaved rubricalyx (red hypanthia) and revolute-leaved funifolia with 
green hypanthia in a ratio 2 : 1, or else not to split, depending on whether 
the funifolia factor lay in the lethal-bearing chromosome, or in the non- 
lethal-bearing chromosome. Only eight of the selfings resulted in prog- 
enies, and these are given in table 2. 


TABLE 2 


Results of selfing F, plants from the cross rubricalyx X funifolia, 





| FLAT-LEAVED REVOLUTE-LEAVED 











| 
PEDIGREE — | 
NUMBER | Red Green Red Green 
hypanthia hypanthia | hypanthia hypanthia 
2158 45 0 0 0 
2162 71 | 0 1 0 
2164 71 | 0 | 0 0 
2167 58 1 0 25 
2169 41 | 9 =. 6 
2171 60 2 } a 22 
2173 91 2 1 37 
2175 68 3 | 0 14 








It is clear that the families in table 2 fall into three categories: (a) The 
first three were derived from Lamarckiana-like F, plants, (possessing the 
characteristic zygote lethals) and they show an aggregate of 187 flat- 
leaved plants to one revolute-leaved, all with red hypanthia, the expected 
result as stated above, the one revolute-leaved plant being due, presum- 
ably, to crossing over between the funifolia factor and one of the zygote 
lethals. (b) Four families (2167, 2171, 2173, 2175) gave essentially the 
result expected from the rubricalyx type of F;, the summation of these four 
families giving 277 flat-leaved with red hypanthia : 8 flat-leaved with 
green hypanthia : 4 revolute-leaved with red hypanthia : 98 revolute- 
leaved with green hypanthia. This very characteristic linkage ratio is 
defective chiefly in the fact that the number of the revolute type is con- 
siderably too low, so that the ratio approximates 3:1 instead of the 2 :1 
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expected, but this is quite probably due to a differential elimination affect- 
ing the revolute type more strongly than the flat-leaved; (c) finally, there 
is the remarkable exceptional family (2169) in which there seems to be no 
linkage, the ratio 41 : 9 : 14 : 6 being as close an approximation to the 
dihybrid ratio 39 : 13 : 13 : 4 as could be reasonably expected in a family 
of only 70 individuals. 

The significance of this family is not yet known, but it may be pointed 
out that this is not the only case of what seems to be a complete break in 
a linkage relation in Oenothera. I am inclined at present at least to 
interpret BARTLETT and Cops’s (1919, 1921) Mendelizing strain of 
Oe. pratincola mut. formosa as representing a case of this kind. It may 
be suggested that the possible translocation of a chromosome might 
account for such a case. 

Of the ten back-crosses involving the same parents as those whose 
progenies by selfing are included in table 2, nine produced offspring, and 
these nine families are given in table 3, together with two families from 
other experiments which happened to represent the same type of breeding. 


TABLE 3 


Back-crosses of (funifolia X rubricalyx) F2 with funifolia. 














| FLAT-LEAVED REVOLUTE-LEAVED 
PEDIGREE 
NUMBER Red Green Red Green 
hypanthia hypanthia hypanthia hypanthia 
2159 56 2 2 22 
2161 79 1 a 22 
2163 84 1 1 29 
2165 67 2 2 27 
2166 95 2 1 56 
2168 35 1 0 25 
2170 40 0 1 34 
2172 74 6 3 71 
2174 57 1 3 60 
21181 44 0 1 19 
21185 45 1 0 29 
Total . 676 17 17 394 

















The consistency of the results, shown in this table is impressive. The 
very considerable deficiency in the number of revolute-leaved plants may 
possibly be due to elimination on purely physiological grounds. As 
linkage ratios are most satisfactorily derived from back-cross tests the 
data in table 3 may be taken as the best basis for calculating such a ratio. 
If the total data are taken, the ratio is 3.08 percent, but if the ratio be 
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based only on the flat-leaved group, as may be suggested because of the 
probable differential elimination of revolute-leaved, green-hypanthium 
plants, the ratio becomes 2.45 percent. 


CROSSING OVER BETWEEN rubricalyx BUDS AND sulfurea FLOWER COLOR 


In 1918 a cross was made between Oe. franciscana sulfurea and a 
rubricalyx-budded nanella, and also between franciscana sulfurea and a 
rubricalyx-budded brevistylis. As both of the rubricalyx plants used in 
these crosses were heterozygous for bud color, the F; families (18186, 
18187) both showed splitting in regard to this character. The F; families 
produced by selfing rubricalyx-budded F; plants were grown in 1920, and 
the results are presented in table 4. 


TABLE 4 


F, families produced by selfing red-hypanihium F, plants from the cross green- 
hypanthium sulfur X red-hypanthium yellow. 














RED HYPANTHIA GREEN HYPANTHIA 
PEDIGREE 
— Yellow Sulfur Yellow Sulfur 

19168 43 0 11 5 
19176 60 0 7 10 
19182 139 2 5 2 
19183 104 1 2 5 
19185 140 2 4 17 
19188 95 1 5 6 
Total 581 6 34 43 

















It was not understood at that time that the franciscana sulfurea was 
carrying with it the egg lethal which had accompanied the sulfurea factor 
when the latter was introduced from biennis into franciscana by Dr. B. M. 
Davis as indicated above. On this account the results from these crosses 
seemed somewhat chaotic and incomprehensible, though the results in 
the various families appeared to be fairly consistent. With the demon- 
stration of the gamete lethals, as briefly described in my EUGENICS 
CONGRESS paper, the meaning of the results in the F, families became 
clear. Sulfurea segregates could appear only when the sulfurea factor was 
separated from the egg lethal by crossing over, and it is for this reason 
that so few sulfureas appeared in the F,. It seems proper to assume, 
however, that the crossing over between the sulfurea factor and the egg 
lethal is distributed homogeneously over the two bud-color classes, so 
that the proportionality between the two groups of sulfur-flowered plants 
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will not have been notably affected. The correlative crossover class in 
which the yellow factor was associated with the egg lethal will have 
produced no corresponding aberration in the yellow-flowered classes. If 
these assumptions are correct we may calculate a crossover ratio, from the 
data of table 4 notwithstanding the presence of the egg lethal. As in 
other cases described in this paper, the calculation may be based on the 
total data, or only on the more numerous classes, but it must be noted 
that these families are the result of selfing, and that, in consequence, the 
linkage ratio can not be derived so simply as in the case of the back-crosses. 
It seems better on this account to use for this purpose only the yellow- 
flowered classes. If we assume the gametic ratio to have the form 
n:1:1:m, the value of ” can be easily derived from the equation, (37+ 
4n+2) : (2n+1) =581 : 34 .». 2 =10.53, and the crossover ratio, 10.53 : 1, 
is 8.7 percent. 

The linkage between rubricalyx buds and yellow flower-color has now 
been tested also by a cross of the “‘repulsion” type, as follows: One of 
the two rubricalyx sulfurea plants in family 19185 (see table 4) was crossed 
onto a funifolia erythrina (yellow-flowered with green hypanthia and red 
bud-cones) from family 1994. The pollen parent in this cross was hetero- 
zygous with respect to bud color and the F, family (20112) split into 60 
rubricalyx (red hypanthia) and 26 erythrina (green hypanthia). One of 
the rubricalyx plants of this F, family was back-crossed to the double 
recessive sulfurea with green hypanthia, and gave a progeny (21170) 
consisting of 6 yellow-flowered rubricalyx, 59 sulfur-flowered rubricalyx, 
95 yellow-flowered with green hypanthia and 4 sulfur-flowered with green 
hypanthia. From this family a crossover ratio of 6.1 percent is calculated. 
The significance of the deficiency in the sulfurea class is not yet fully 
understeod, but a similar deficiency has been noted in other crosses, as 
already pointed out in the rather extensive tests of linkage between 
flower color and stem color reported in my EUGENICS CONGRESS paper. 


CROSSING OVER BETWEEN sulfurea FLOWER COLOR AND nanella STATURE 


In the summer of 1918 I made a cross between Oe. franciscana sulfurea 
having tall green stems and pink bud-cones, and a red-stemmed green- 
budded, yellow-flowered dwarf (nanella). The F; family (18185) grown 
in 1919 consisted of tall red-stemmed yellow-flowered plants. The F, 
families from this cross gave in 1921 the beautiful linkage ratios between 
sulfur flower-color and red stem-color which were reported in brief sum- 
mary in my EuGENIcs ConGREss paper. The nanella segregates in these 
families were mostly yellow-flowered, as was to be expected, since the 
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nanella grandparent had yellow flowers, but 2 good nanella sulfurea plants 
occurred among them as a result of crossing over and the more sturdy of 
these was used in a number of crosses, two of which form the basis of the 
results reported in this section. 

A funifolia, newly arisen by a crossover mutation in Lamarckiana 
family No. 19111, was made the recipient of pollen from this nanella 
sulfurea and the F,; grown in 1921. 

In this family (20212) there appeared the F, segregation into chlorotic 
and ‘ ~ green which usually appears in crosses between Lamarckiana or 
its derivatives on the one hand, and franciscana and its derivatives on the 
other. Both groups reached maturity, the chlorotic forms suggesting 
late-flowering erythrina, while the full-green type was much like vigorous 
Lamarckiana. All of both types had tall stems, flat leaves and yellow 
flowers. 

One plant of each F,; type was pollinated with pollen from the double 
recessive nanella sulfurea, and the results of these back-crosses are given 
in table 5. 


TABLE 5 


Back-cross tests involving the cross, tall yellow-flowered X nanella sulfurea. 




















TALL DWARF 
PEDIGREF. (nanella) 
NUMBER 
Yellow Sulfur Yellow Sulfur 
21192 40 3 1 16 
21195 17 1 3 6 
Total 57 4 4 22 











In this case there is again a strong deficiency of the double recessive 
type, and it is even more reasonable than in the previous case to assume 
that this is due to a considerable elimination of the nanella plants by 
purely physiological causes. We may calculate the linkage ratio in this 
case as in the previous one, giving 9.2 percent or 6.7 percent, according as 
the total data, or only the data from the more viable group, are used. 

That the crossing over in the opposite direction takes place equally 
well is shown by family 21197 in which the same factors were at play but 
derived from the parents in the reverse combination. In this case a tall 
sulfurea was crossed with pollen of a yellow-flowered nanella, producing, as 
before, a tall yellow-flowered F,. One of these F, plants back-crossed to 
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the double recessive nanella sulfurea, produced an F, family (21197) 
consisting of 2 tall yellow : 41 tall sulfur : 7 manella yellow : 1 nanella 
sulfur. This characteristic linkage ratio shows again the marked defi- 
ciency of nanella, and gives a linkage ratio of 5.9 percent or 4.7 percent 
according as the calculation is based on the total data or on those for the 
tall group only. The numbers involved in these three families are too 
small, of course, to make the differences in the linkage ratios of any 
significance, and we can properly consider the results presented in this 
section as entirely consistent. 


DISCUSSION 


The experimental results presented here are fully adequate, I believe, 
as were those given in my EuGENIcs CONGRESS paper (SHULL 1922) to 
demonstrate the regular occurrence of crossing over in the group of Oeno- 
theras with which I have been working. A failure to find chromosomes 
lying side by side or twisting about each other can not in any way set 
aside these genetical proofs that linkage with crossing over does occur. 
It may, however, affect our views as to the validity of the chiasmatype 
theory of crossing over, a theory of whose correctness I have never been 
fully convinced. 

The conspicuous configuration of the chromosomes in Oenothera into 
circles consisting of 2 or 4 chromosomes joined end to end (Davis 1919, 
CLELAND 1922) raises the question whether it may not be possible that 
such a group of chromosomes represents the basis of a linkage group in- 
stead of the single chromosome pair. If this suggestion should be made 
with a view to avoiding the necessity for the assumption of crossing over 
within the limits of the single pair of chromosomes, it can be at once 
answered in the negative, in so far as the attainment of that particular 
object is concerned, because of the large number of separable factors 
known to be associated together in this one linkage group. The following 
factors are now identified as belonging to the first linkage group: (1) m, 
for nanella stature; (2) R", red hypanthium of rubricalyx; (3) R® red cone 
and green hypanthium; (4) r‘, buds free from red pigment; (5) R’, intensely 
reddened stems; (6) 4, and (7) l2., zygote lethals; (8) s, sulfur-colored 
flowers; (9) J,, sperm lethal; (10) /,, egg lethal; (11) f, revolute leaves of 
funifolia and of Oe. pratincola mut. formosa; (12) c, a factor which sup- 
presses the basal branches of Lamarckiana, giving rise to an unde- 
scribed mutation known as columnaris; (13) N,, factor for narrow 
petals. This list now includes nearly twice the haploid number of chro- 
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mosomes, so that there can be no escape from the conclusion that crossing 
over in Oenothera is an “‘intrazygous,” not an “interzygous” phenomenon. 

There is no disposition to claim that the linkage ratios indicated by the 
results thus far observed and presented are approximately correct values. 
It is fully recognized that every ratio needs to be based upon a much larger 
amount of data, but the accumulation of the requisite amount of data will 
require years of work unless these problems are taken up by a considerable 
number of investigators. 


SUMMARY 


The cytological studies of Oenothera have thus far failed to discover a 
relation between the homologous chromosomes which seems favorable to 
the assumption that an interchange of genes between them may take 
place by the method of chiasmatypy. 

This fact must not be allowed, however, to throw any doubt on the 
occurrence of crossing over in this group, as demonstrated by appropriate 
breeding experiments. The following cases of partial linkage are presented 
in this paper: 

1. Revolute leaves of the mutant type funifolia and the stem color of 
a red-stemmed nanella have in most cases separated during F, gameto- 
genesis, but in 2 individuals among 296 the red stems and revolute leaves 
have been associated through the ability of the genes for these two 
characters to enter the same gamete. 

2. Revolute leaves and red hypanthia showed typical linkage ratios 
when the F;, plants were back-crossed to the double recessive, with crossing 
over to an extent indicated approximately by the ratios 2.45 and 3.08 
percent. 

When the F; plants were selfed the ratios were modified by the presence 
of one or more zygote lethals, and one such self-fertilization gave a small 
family whose composition indicated that the usual linkage was absent. 

3. Red hypanthia of rubricalyx are linked with sulfurea flower color 
with a frequency of crossing over which may be roughly indicated by the 
values 8.7 and 6.1, derived from two types of matings. 

In one series of matings in this section the ratios are notably modified 
by the presence of an egg lethal, brought into the material from Oenothera 
biennis, from which the sulfurea factor had been derived. 

4. Sulfurea flower color and nanella stature are shown to be partially 
linked, with a ratio of crossing over variously calculated as 4.7, 5.9, 6.7 
or 9.2 percent. 
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The number of factors recognized as being associated together in a single 
linkage group is now thirteen, or almost twice as many as the haploid 
number of chromosomes. This fact makes it necessary to assume that 
crossing over takes places within the single chromosome pair. The 
apparent cohesion of non-homologous chromosomes is not an adequate 
explanation. 
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INTRODUCTION 


Many authors working with numerous species of plants and animals, 
have made it increasingly evident that the various hereditary character- 
istics of organisms and their determiners or factors are inherited in more 
or less closely linked groups, and not independently, as was supposed in 
the early Mendelian studies, these linkage groups being held together, 
perhaps, by chromosomes. In the present paper the author intends to 
report an instance of the same phenomenon in his crossing experiments 
with the Adzuki bean, Phaseolus chrysanthos Sav.,' in which three dis- 
tinct characters are considered. 

The author is much indebted to Dr. H. Terao of the Imprertat Acri- 
CULTURAL EXPERIMENT STATION, Tékyé, for his helpful suggestions 
through the whole course of this research. 


MATERIAL AND METHODS 


The Adzuki bean has an advantage for breeding experiments in the 
fact that, because of the arrangement of the floral organs, self-pollination 
takes place automatically before blooming. Although, in fact, the experi- 
ments were made largely through natural pollinations, the results ob- 

1 The Adzuki bean often has other scientific names, as Phaseolus Mungo L. var. subtrilobata, 


P. radiatus L. var. aureus Prain, and P. angularis. P. chrysanthos Sav. has been offered as the 
correct one by T. Nakai (Bot. Mag., Téky6, 33: 264, Oct., 1919). 
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tained were always parallel to those from the experiments in which 
flowers were artificially protected from accidental natural crossing. There 
was no apparent sterility in regard either to the formation of germ 
cells or the germination of seeds. 

The varieties Miyako and Donsu were chosen for crossing, as these two 
varieties exhibited very clear distinctions in several characters. In 
August 1912, two individuals were selected, one from Miyako and the 
other from Donsu, each being assumed to be representative of its variety. 
These were cross-pollinated artificially, Miyako being used as the female 
parent. 

The cross-bred seeds were sown in the spring of 1913, and gave four 
F, plants. From one of these plants, taken at random, an F: family was 
grown in 1914 and a number of F; families in 1915. Each year a certain 
number of plants of the two parental strains were also grown for compari- 
son. Both in the hybrids and the parental strains, the individual plants 
reserved for the next generation had some flowers enclosed in paper bags 
in order to prevent accidental natural crossing, the remaining flowers 
being allowed to bloom naturally. 

The characters dealt with in the present experiments are limited to 
the color of stems, the black-spotting of seed-coats, and the color of ripe 
pods, Miyako having green stems, brown seed-pods and unspotted red 
seed-coats, while Donsu has light reddish-purple stems, blackish-brown 
seed-pods, and seed-coats intensely black-spotted on red ground-color. 

In distinguishing different types of stem colors special caution was 
required, because the intensity of stem colors in certain strains changes 
according to the stage of development. For grouping individuals in 
this regard, correctly, the inspection of all plants should be made at the 
same stage of development, and when the several types are most distinct. 
The ideal time for this classification was found to be five to seven days 
after germination of the seeds. Errors rarely occur when the grouping 
is made at this stage. 


RESULTS OF EXPERIMENTS 


Fifty plants from selfed seeds of each parental variety were raised in 
each of three succeeding generations, and both varieties had bred true 
to the characters described above and indeed for almost all visible charac- 
ters. 

The four F, plants were uniform, all showing reddish-purple color in 
the stems, black-spotting on red seed-coats, and blackish-brown color 
in ripe pods, thus showing these characters to be dominant over their 
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recessive allelomorphs, green stems, unspotted seeds and brown pods. 
The color of stems was much darker, however, and the spotting on seed- 
coats was distinctly less intense than in the male parent. 

The characters appearing in F; are distinguished with respect to the 
color of stems, the black-spotting of seed-coats, and the color of ripe pods, 
respectively, as follows: 

(a) Color of stems:? 
1. Dark reddish-purple (the F; type); 
2. Light reddish-purple (the male parent type); 
3. Green (the female parent type). 

(b) Black-spotting of seed-coats: 
1. More intensely black-spotted (the male parent type); 
2. Less intensely black-spotted (the F, type); 
3. Unspotted (the female parent type). 

(c) Color of ripe pods: 
1. Blackish-brown (the male parent type); 
2. Brown (the female parent type). 

Not all combinations of these types occur, however. For instance, 
there occurs neither a colored (reddish-purple) stem associated with un- 
spotted seed-coat, green stem with spotted seed-coat, nor light reddish- 
purple stem with brown seed-pod, while the remaining eight possible 
combinations appear in F, in a certain ratio. The result of segregation 


TABLE 1 


F, segregation result. 





LIGHT REDDISH- 








COLOR OF STEM....... DARK REDDISH-PURPLE 
| PURPLE GREEN 
. ‘ P M S 
Black-spotting of seed- More intensely Less intensely | oe at |. es , asnotied —, 
ins a0 uieeeseeeee spotted spotted a | = 





spotted spotted 


Color of ripe pod...... | Blackish-| Brown | Blackish-| Brown Blackish-| Brown Blackish-| Brown 















































brown brown brown brown 
Observed......... 19 9 35 10 | 8 18 20 4 123 
Expected (as 2:1:4: 
2:1:2:3:1 ratio)..| 15.4 a 30.7 15.4 es 15.4 23.0 Be 
i ee | +3.6 +1.3 +4.3 | —5.4) +0.3 +2.6 —3.0 | —3.7 
x?=6.091 P=0.530 


2In the dark reddish-purple color of stems the individual differences in intensity were too 
large to be considered as environmental effects. In the light reddish-purple stems also some 
comparatively lighter ones existed. But these have not been classified in the experiments, be- 
cause the classification was very difficult and the results obtained have been considered untrust- 
worthy. 
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in the F, is shown in table 1. The observed numbers of individuals are 
near enough to the expected numbers that the departures may be reason- 
ably attributed to errors of random sampling. The F; results are sum- 
marized in table 2. The deviations of the observed numbers from the 
expected, in all kinds of families, are very slight and values of P calculated 
by Prarson’s method are all high enough. Of the families which have 
been summarized in table 2(G), two kinds are expected, one constant and 
the other segregating in the color of ripe pods, with the ratio of families 
1:2 or with the numbers two and four. The actual numbers obtained, as 
shown in the table, were one constant family and five segregating families, 
with the deviation +1. The number of families is too small to give sig- 
nificance to this deviation. All the segregation ratios expected in F2 
and F; were actually observed. 


TABLE 2 


Fs segregation results. 


(A) The F; progenies of the F, plants with dark reddish-purple stems, more intensely spotted 
seed-coats, and blackish-brown pods. 





























DARK REDDISH-PURPLE STEM, MORE 
LIGHT REDDISH-PURPLE STEM, 
INTENSELY SPOTTED SEED-COAT 
FAMILY NUMBER MORE INTENSELY SPOTTED SEED- TOTAL 
COAT, BLACKISH-BROWN POD 
Blackish-brown pod | Brown pod 
Rusewesaetrnnthesncee ees 21 15 12 48 
Bes iss «vice he noe See 22 9 9 40 
RO een ee Pir Re 23 10 9 42 
re ee 20 12 9 41 
ce ey re 86 40 39 171 
Expected (as 2:1:1 ratio).. 85.6 42.7 42.7 
Ma oh a skvenca te +0.4 +3.3 -—3.7 
x?=0.576 P=0.773 


(B) The F; progenies of the F, plants with dark reddish-purple stems, more intensely 
spotted seed-coats, and brown pods. 











FAMILY NUMBER SIMILAR TO THE F: PLANT 
Beitcin sp eheknwck ak 47 
Deeds can euene anwar 49 
Ee eee eee eer: 46 
ee epee 142 
| EE All 
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(C) The Fs progenies of the F, plants with dark reddish-purple stems, less intensely spotted 
seed-coats, and blackish-brown pods. 


















































LIGHT REDDISH- 
DARK REDDISH-PURPLE STEM 
PURPLE STEM 
GREEN STEM, 
More intensely Less intensely More Less UNSPOTTED 
tted tted intensel int 1 ” 
roceewonnen | teal | sonted intents | secant dasa 
seed-coat,|seed-coat, 
Blackish- ye Blackish- an blackish- | blackish- | Blackish- 
brown os 4 brown d brown brown brown | Brown 
pod | ™ pod | P*° | pod | pod | pod | Pod 

ee ee 7 2 11 5 + 6 7 oa 46 

OE 5 1 6 3 3 4 5 3 30 
Be cneciueveguhanios 8 3 9 6 1 4 12 4 47 
BRS ins wewaiccauaets 2 2 12 6 1 4 4 2 33 
See ee 6 4 16 8 1 8 6 2 51 
__ rere ne 4 5 10 5 1 5 10 2 41 
EO ee 4 1 12 9 5 6 8 2 47 
errr 8 + 4 6 1 6 5 3 37 
DG nies senaeremees 3 5 11 2 3 4 8 3 39 
ce 47 26 91 50 20 47 65 25 | 371 
Expected (as 2:1:4: 

2:1:2:3:1 ratio) ..| 46.4 23.2 92.7 | 46.4 23.2 46 .4 69.5 | 23.2 
Deviation......... +0.6 | +2.8 | —1.7 | +3.6) —3.2 |} +0.6 | —4.5 | +1.8 
x?=1.521 P=0.977 


(D) The F; progenies of the F, plants with dark reddish-purple stems, less intensely spotted 
seed-coats, and brown pods. 





























DARK REDDISH-PURPLE STEM 
GREEN STEM, 
FAMILY NUMBER More intensely Less intensely UNSPOTTED TOTAL 
spotted seed-coat, | spotted seed-coat, SEED-COAT, 
brown pod brown pod BROWN POD 
Bs Weoudtexsaee Gewecke 12 17 11 40 
BOE ds Snsvevcccuseeves 13 21 11 45 
ee ee 11 28 8 47 
es cuhedseaeevas 36 66 30 132 
Expected (as 1:2:1 ratio) 33.0 66.0 33.0 
eee +3.0 +0.0 —3.0 
x?=0.545 P=0.745 
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(E) The F; progenies of the F, plants with light reddish-purple stems, more intensely 


spotted seed-coats, and blackish-brown pods. 











FAMILY NUMBER SIMILAR TO THE Fs: PLANT 
WS 554-50 eis twa ees 45 
RE ee ee 46 
Beat csaverscacsemes 37 
les brie Gites aoeanae 44 
ERS ER aera 174 
[Sees er ee All 








(F) The F; progenies of the F, plants with light reddish-purple stems, less intensely spotted 


seed-coats, and blackish-brown pods. 















































LIGHT REDDISH-PURPLE STEM 
GREEN STEM, 
More intensely Less intensely UNSPOTTED 
FAMILY NUMBER spotted seed-coat, | spotted seed-coat, SEED-COAT, TOTAL 
blackish-brown blackish-brown een 
pod pod POD 
IRE Po rey Ce ere 17 18 15 50 
- ERR Er ea eee Seay Tee 6 24 eu 38 
DE 65s nied ees-es one meee 8 10 12 30 
Pitictaviadeewsssewe 7 21 12 40 
Wa i ote ies tigaats 38 73 47 158 
Expected (as 1:2:1 ratio) 39.5 79.0 39.5 
Pe ere ty —1.5 —6.0 +7.5 
x?=1.937 P=0.383 
(G) The F; progenies of the F; plants with green stems, unspotted seed-coats, and blackish- 
brown pods. 
GREEN STEM, UNSPOTTED SEED-COAT 
FAMILY NUMBER TOTAL 
Blackish-brown pod Brown pod 
PERL chokaesicweikeevs<es 40 
pO ee All 
MEGE caideintieotucdepeanestel 30 14 44 
RS SOT ore. 24 9 33 
Mans TRs Sais cninnah be8as 25 15 40 
BE deals dtalotacnwentel 25 9 34 
ili y picks bo a eae ne mot 36 8 44 
pa pr ere 140 55 195 
Expected (as 3:1 ratio)..... 146.2 48.8 
See —6.2 +6.2 
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(H) The Fs progenies of the F, plants with green stems, unspotted seed-coats, and brown 


pods. 

















FAMILY NUMBER SIMILAR TO THE F: PLANT 

CREME o er rr oer 42 

EAA Heschel oman te 6 

WEE ncterwweesawes 78 

(ae ee ee All 
DISCUSSION 


When the color of stems is considered separately from the other two 
characters above mentioned, the segregation in the F, generation (table 1) 
shows 73 : 26 : 24, a rather marked deviation from a 9 :3 : 4 ratio as to 
dark reddish-purple, light reddish-purple and green, respectively, but it is 
nevertheless probable that the color of stems in this experiment is due to 
the interaction of two factors, one for purple color, the other for intensi- 
fying the color. 

In regard to the black-spotting of seed-coats, the F: result gives 
36 : 63 : 24, or approximately a 1 : 2:1 ratio of more intensely spotted 
to less intensely spotted to unspotted, respectively, and it may be ap- 
propriately assumed that these differences are due to only one factor pair, 
the less intensely spotted being an intermediate type presented by the 
heterozygote. TyJEBBES and Koorman (1919) have explained from the 
results of their experiments with beans that a factor causing marbling of 
the seed-coat may be compared, in its effect, with a corrosive substance, 
and that its presence in a homozygous condition destroys the pigment 
more completely than when present in a heterozygous condition. 

Finally, the color of ripe pods shows in the F; generation a ratio of 
100 : 23 of blackish-brown and brown, and while the deviation from a 
3:1 ratio is considerable, it may be assumed that only one factor pair 
is involved. 

While all three characters, when considered separately, give approxi- 
mately typical Mendelian segregations, some correlations are apparent 
among them as already stated. As colored stems are completely cor- 
related with black-spotted seed-coats, and colorless (green) stems with 
unspotted seed-coats, two possibilities may be considered in attempting 
to account for the facts observed in the present experiments: (a) One of 
the two factors for stem color may also produce black-spotting of the 
seed-coats; or (b) one of the two factors for stem color and a separate 
factor for black-spotting of seed-coats are completely or almost completely 
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linked. From the present experiments it is impossible to decide between 
these alternative hypotheses. However, certain experiments of TaKa- 
HASHI and FukuyAMA (1917) suggest partial linkage rather than multiple 
effects of a single gene. Although they did not mention a correlation 
between color of the stems and color of the ripe pods, they did note a cor- 
relation between the stem color and the color of the seed-coats. Accord- 
ing to them, in many crosses among the varieties of Adzuki beans, except 
the two varieties Kon-adzuki and Midori-yogore-adzuki, reddish-purple 
stems were almost completely correlated with black or black-spotted 
seed-coats, and green stems with non-black seed-coats. But in a total 
of 8280 individuals in F2, F; and F, of crosses Kuro-adzuki X Kensaki, 
and Yogore-adzuki X Kensaki, there were 36, or 0.43 percent, excep- 
tional plants with reddish-purple stems associated with non-black seed- 
coats. They also state that of 52 varieties investigated, the two varieties 
mentioned above, both with green stems, are exceptional in regard to 
the relation between the stem color and seed-coat color.. But as they 
have described the color of seed-coats of the former variety as “kon-iro”’ 
or dark-blue and that of the latter variety as ‘‘néranshoku’’-spotted or 
deep-blue-spotted on a light yellowish-green ground, it seems unreason- 
able to suppose that these colors are genetically the same as the black 
discussed in this paper. TAKAHASHI and FuKUYAMA have assumed two 
factors, one for the reddish-purple color of stems and the other for the 
black color of seed-coats, and they have also assumed that partial coup- 
ling between these two factors occurred in the exceptional crosses. The 
questionable identity of these colors with those in the above-mentioned 
two varieties, Kon-adzuki and Midori-yogore-adzuki, is unfortunate. 
They obtained some reddish-purple stems, however, associated with non- 
black seed-coats in the exceptional crosses, so that these seem to be 
unquestionably crossover individuals. These exceptional individuals 
seem to justify the assumption that in the case presented in this paper 
two separate factors are also concerned. Of the two factors for the color 
of stems, one which is linked with the factor for the black-spotting of 
seed-coats may be, evidently, the factor for the reddish-purple color, 
and not the intensifying factor, for the foregoing data show that the black- 
spotting of seed-coats is correlated completely with presence or absence of 
the reddish-purple color in stems, while it is independent of the intensity 
of the color of stems. 

Concerning the relation between the intensity of the color of stems 
and the color of ripe pods, there are likewise the two possibilities, (1) that 
one factor is concerned in the production of both characters, or (2) that 
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two factors are concerned, which are completely linked. If the former 
possibility be true there is the difficulty that the factor is dominant in one 
of its manifestations and recessive in another. Such cases are known, 
but they are infrequent and it seems more probable that two very closely 
linked factors are responsible for the two characters. 

Thus, the results presented in this paper may be explained by assuming 
the factors: P for the reddish-purple color of stems, J for the intensifier 
of this color, S for the black-spotting of seed-coats, and B for the color 
of ripe pods, the corresponding recessive allelomorphs being #, 7, s and 6. 
It should be noted, however, that dominance is not complete in the case 
of the factor S which gives a less intensely black-spotted seed-coat when 
heterozygous, than when homozygous. It may then be assumed that P 
and S are located very near each other in one chromosome, # and s being 
associated in the homologous chromosome, so that in gametogenesis 
crossing over between these factors occurs rarely if at all. The factors 
I and b are assumed to be similarly associated in another chromosome with 
i and B in the homologous chromosome. /P and S are independent of J 
and B. 

Then the variety Miyako, the female parent, may be e represented by 
ps ps Tb Tb, and Donsu, the male parent, by PS PS iB iB, linked factors 
being tied together. The F, individuals are, therefore, PS ps Tb iB, and 
form four kinds of gametes, PS Tb, PS iB, ps Tb and ps iB, in equal num- 
bers. From the combinations of these gametes the following F: in- 
dividuals are expected: 


Genotype Ratio Color of stems [ Spotting of seed-coats Color of ripe pods 
PS PS 1b iB 2 Dark _ reddish- More intensely Blackish-brown 
purple black-spotted 
'S PS Ib Ib 1 Dark _ reddish- More intensely Brown 
purple black-spotted 
PS ps Ib iB 4 Dark _reddish- Less__ intensely Blackish-brown 
purple black-spotted 
PS ps Ib Ib 2 Dark _reddish- Less intensely Brown 
purple black-spotted 
PS PS iB iB 1 Light reddish- More intensely Blackish-brown 
purple black-spotted 
PS bs iB iB 2 Light reddish- Less intensely Blackish-brown 
purple black-spotted 
ah = = = . \3 Green Unspotted Blackish-brown 
ps bs iB iB : 
ps ps IB Ib 1 Green Unspotted Brown 
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The above theoretical ratio agrees well with the actual result shown 
in table 1. The expectation of the F; types to be derived from each kind 
of F, plant is apparent. The agreement between expectation and the 
actual results (table 2) has been also very satisfactory. The conclusion 
is drawn, therefore, that the foregoing assumptions are in general accord 
with the facts derived from the experiments here recorded. 


SUMMARY 


The studies presented in this paper are chiefly concerned with the cor- 
relative inheritance of the three characters, the color of stems, the black- 
spotting of seed-coats, and the color of ripe pods. A cross was made 
between two selected individual plants, one from the variety Miyako and 
the other from the variety Donsu, these two varieties being clearly dif- 
ferentiated in all three characters. Three generations of the hybrid prog- 
enies and of the parental strains were grown. 

On the basis of the data here presented the following conclusions are 
suggested: 

1. The factor P for reddish-purple color of stems and its recessive al- 
lelomorph p (green stems) are very closely linked with S, a factor for 
black-spotting of seed-coats, and its recessive allelomorph s, respectively, 
and hardly any crossing over occurs between them. 

2. The J factor which intensifies the purple color of the stem, and its 
recessive allelomorph 7 are also very closely linked with the B factor which 
produces a blackish-brown color of the ripe pods, and 8, its recessive al- 
lelomorph, and this linkage is also very close, so that crossing over hardly 
ever occurs between them. 

3. The P-S linkage group is independent of the J-B linkage group. 

4. Presence of S in a homozygous condition produces more intense 
spotting of the seed-coats than when it is present in a heterozygous con- 
dition. 
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